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ABSTRACT

Author: Xu, Congshan. MS
Institution: Purdue University
Degree Received: May 2018
Title: Physiological and Molecular Response of Soybean to Drought and Heat Stresses
Committee Chair: Cankui Zhang
Drought and heat are two of the major adverse environmental stresses for plants. The plant
growth, productivity, morphology, physiology and biochemistry are found to be changed when the
plants are grown at either drought or heat or combined stress conditions. Photosynthesis, stomata
conductance, transpiration, water potential, and antioxidant systems were found to be involved in
facilitating the stress responses. In addition, multiple molecular pathways, e.g., protective
compound synthesis, protein and mRNA chaperones, cell membrane fluidity, plant hormone
synthesis and transport, secondary metabolite synthesis, and flowering, have also been discovered
to be involved in the response to these conditions. Soybean is an important crop for the US and
worldwide and its productivity can be negatively impacted by these two stressors. Therefore,
understanding the physiological and molecular responses in soybean to these two stressors will not
only provide basic knowledge to plant physiology, the identified genes and pathways can also
provide hints for future genetic manipulation targets. To achieve these goals, multiple
physiological parameters were measured and mRNA transcriptomic profiling method were used
to analyze the tissues collected from the soybean plants that were experiencing either drought or
heat stress. The diverse responses in soybean to these two stresses indicated the complexity of the
mechanisms that soybean use to cope with these stressful conditions
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LITERATURE REVIEW

Drought and heat stress are two major abiotic stresses that restrict plant growth and
productivity in many regions of the world (Barnabás et al., 2008; Ciais et al., 2005; Fahad et al.,
2017). For example, drought has been associated with an average of 13% variability in US maize
and soybean yield over a 50 year period (1958–2007) and short-term drought that occurs in critical
months of the peak growing season is most strongly correlated with yield anomalies (Zipper et al.,
2016). Approximately 2.5-10% of yield can be reduced due to temperature above the optimum
levels in various crop species (Hat field et al., 2015; Lobell et al., 2003). It has been predicted that
drought events and higher temperatures will become more severe and occur more frequently
(Mittler & Blumwald, 2010). Not only do these stresses cause reductions in crop productivity, but
they also contribute to ecological damage, land desertification, and soil erosion (Chaves et al.,
2002; Lobell et al., 2003; Thuiller et al., 2005). Therefore, understanding how plants respond and
adapt to these stressed conditions will elucidate the fundamental mechanisms associated with
stress tolerance. In addition, the knowledge gained may be used to help implement strategies to
breed plants that are better adapted to environmental stressors.

1.1
1.1.1

Physiology

Plant growth and biomass accumulation

Plant cells grow through processes of elongation, division, and differentiation that may be
restrained by the reduction of turgor pressure associated with water deficit. Dry soil decreases
water uptake by roots and the resulting plant water deficit may interrupt the flow of water from
the xylem to the surrounding elongating cells, inhibiting cell elongation of (Nonami et al., 1998).
Drought may also limit cell division and plant growth through the inhibition of cell mitosis and
cause early senescence in basil (Ocimum basilicum) and sun flower (Helianthus annuus) (Hussain
et al., 2008; Kaya et al., 2006; Nonami et al., 1998). The lowered functionality and decreased
lifespan of plant leaves may eventually lead to decreased Pea (Pisum sativum) biomass
accumulation in both aboveground and belowground tissues (Hoekstra et al., 2001).
Plants at different development stages differ in susceptibility to drought in durum wheat
(Triticum aestivum), soybean (Glycine max) and corn (Zea mays) (Kron et al., 2008; Simane et al.,
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1993; Souza et al., 2016). Various traits in maize (Z. mays), peanut (Arachis hypogaea) and
soybean (G. max), such as germination rate, plant height, leave number, leaf area, shoot weight,
stem diameter, and overall biomass accumulation, may be affected by drought (Kamara et al., 2003;
Kron et al., 2008; Rucker et al., 1995). In maize (Z. mays), for example, water deficit was shown
to reduce total biomass at the vegetative stage by 25–69%, reproductive stage by 63-87%, and
grain filling stage by 79–81% (Kamara et al., 2003; Monneveux et al., 2005). Another common
characteristic of plants grown under drought stress is the alteration of root to shoot ratio. For
example, in marigold (Tagetes erecta), the root to shoot ratio was increased in response to drought
(Riaz et al., 2013). In order to cope with decreased availability of water in soil, higher plants
allocate more photo-assimilates to underground tissue to develop a larger root system. Plants with
“deeper” roots are more efficient in the exploitation of soil water in the deeper soil profiles in
potato (Solanum tuberosum), sorghum (Sorghum bicolor) and wheat (T. aestivum) (Liu et al., 2005;
Ludlow et al., 1990; Morgan et al., 1995; Shao et al., 2008).
High temperatures are known to adversely affect many cellular processes of cereals,
including initiation of flowering, pollen sterility, pollination rate and duration of endosperm cell
division, lipid peroxidation, membrane integrity, protein degradation, enzyme activity, pigment
biosynthesis and degradation, and integrity of DNA strands (Barnabás et al., 2008). Heat may also
lead to early senescence and programmed cell death in animal cells (Velichko et al., 2015). It
remains interesting to see whether heat will cause similar damage in crop cells. These effects of
heat on lowered crops cell activity and reduced leaf functionality may eventually lead to decreased
growth rate, biomass, and yield (Davies et al., 2012). Similar to the impacts of drought, the most
severe effects of heat damage to plants occur during the reproductive stages of crops (Bita et al.,
2013). It has been demonstrated that a 1 °C-increase in the seasonal average temperature decreased
the grain yield of wheat (T. aestivum) by 4.1 to 10.0% (Wang et al., 2011). Other research has
shown that temperatures ranging between 35 and 40 °C reduced the 1000-grain weight by 7.0–7.9%
and 3.4–4.4% in heat sensitive and tolerant varieties of rice (Oryze sativa), respectively, while a
50–70% yield loss in wheat (T. aestivum) was caused by heat stress at 28–30 °C and a 50–80%
yield loss in canola (Brassica napus) was observed at 30 °C (Sinsawat et al., 2004).

3
1.1.2 Adaptive mechanisms
Plants have developed avoidance and tolerance mechanisms to adapt to drought stress conditions.
Drought avoidance is where plants like potato (Solanum tuberosum), soybean (G. max) and wheat
(T. aestivum) avoid tissue dehydration through the development of increased stomatal and cuticular
resistance, decreased leaf area and optimized anatomy, altered leaf orientation, and larger and more
extensive root system (Jones & Corlett, 1992; Obidiegwu et al., 2015). Some plants like
Arabidopsis escape the effects of drought by entering dormancy or completing their life cycle prior
to water-deficit stress (Volaire et al., 2018). Drought tolerance is where plants like soybean (G.
max) and wheat (T. aestivum) maintain adequate tissue water by adjusting osmotic potential or
changing tissue elasticity to prevent impairment of metabolic activities (Boyer et al., 1989; Kramer
et al., 1988). Plants develop a number of adaptive mechanisms to cope with high temperature. In
some plants, like Pinus taeda, and rose (Rosa), heat induces higher densities of stomates and
trichomes, larger xylem vessel, smaller leaves and early maturation (Fonti et al., 2009; Hacke et
al., 2000; Johansson et al., 1992). In addition, Arabidopsis can change leaf orientation, increase
transpiration cooling and alter cell membrane composition to deal with high temperature (Amsbury
et al., 2016).

1.1.3

Photosynthesis

Stomata are the “gates” for the entry of CO2 and loss of water. Plants grown under drought
conditions have a lower stomatal conductance to conserve water and stomatal closure is one of the
earliest responses to drought stress. However, deprived CO2 in the apoplast results in declined
rates of photosynthesis of Pisum sativum, soybean (G. max) and populus (Chaves et al., 1991;
Cornic et al., 2000; Flexas et al., 2006; Moh’d I et al., 2010). In addition, reduced photosynthesis
under prolonged periods of drought stress may also be caused by damage to photosynthetic
apparatus, diminished activities of enzymes involved in the Calvin cycle, decreased photosynthetic
pigments and components, and induced early senescence of soybean (G. max) and barley
(Hordeum vulgare) (Samarah et al., 2009; Anjum et al., 2003).
When plants are grown under heat stress conditions for short periods of time, the stomata
remain open to allow reductions in leaf temperature by water evaporation and maintenance of
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photosynthesis rate. However, under severe and prolonged heat condition, decreased
photosynthetic efficiency occurs in cotton (Gossypium hirsytum), pearl millet (Pennisetum
glaucum), and maize (Z. mays), primarily as a result of damage caused to the photosynthetic
apparatus, particularly PSII and compromised activities of enzymes, such as Rubisco binding
proteins, sucrose phosphate synthase, ADP-glucose pyrophosphorylase, and invertase
(Hasanuzzaman et al., 2013; Salvucci et al., 2004).
1.1.4 Water Relations
Relative water content (RWC) is considered an important measurement of plant water
status and is the most meaningful index for drought stress tolerance, because it reflects metabolic
activity in plant tissues. Significant decreases in RWC have been reported for a variety of plant
species like Hibiscus rosa-sinensis and Opuntia ficus-indica under water deficit conditions (Egilla
et al., 2005; Nayyar & Gupta, 2006; Nerd & Nobel, 1991). At the whole-plant scale, the ratio
between dry matter production and water consumption is termed water use efficiency (WUE) and
multiple studies in poplar and wheat and have proved that plants increase their WUE under water
deficit conditions by decreasing transpiration rate, leaf area, and stomatal conductance (Lazaridou
et al., 2004; Li et al., 2017; Monclus et al., 2009). In contrast with drought conditions, it has been
found that heat does not affect RWC in Arabidopsis and tobacco (Nicotiana tabacum) (Machado
et al., 2001; Rizhsky et al., 2002, 2004). Although the constantly opened stomata evaporate water,
the RWC is maintained by the continuous uptake of water from the soil.
1.1.5

Chlorophyll

Leaf chlorophyll content is known to decrease under prolonged water deficit or high
temperature conditions (Manivannan et al., 2007a, b). Reduced accumulation of chlorophyll in
plant cells may be caused by decreased biosynthesis, increased degradation, or a combination
thereof. Drought stress induced chlorophyll content reduction is mainly derived from pigment
degradation and photo-oxidation. In contrary, under high temperature conditions, the inactivation
of enzymes related to biosynthesis may lead to lowered leaf chlorophyll. For instance, 5aminolevulinate dehydratase, a key enzyme in the pyrrole biosynthesis pathway, showed decreased
activity in heat stressed in wheat (T. aestivum) (Mohanty et al., 2006). Accelerated degradation of
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chlorophyll under heat has also been attributed to lowered leaf chlorophyll content in plants (Karim
et al., 1999).
1.1.6

Osmolyte Accumulation

Under abiotic stress conditions, such as drought or heat, tobacco (N. tabacum), Phaseolus
vulgaris and soybean (G. max) accumulate osmolytes and compatible compounds, such as proline,
glycine betaine, trehalose, raffinose family oligosaccharides, fructan, galactinol, and mannitol
(Asharf & Foolad, 2007; Chen & Murata, 2008; Giri, 2011). These compounds help lower osmotic
potential, enhance water retention, provide turgor for cell expansion, and maintain plant growth as
well as to prevent membrane disintegration, protein degradation, and inactivation of enzymes. For
example, accumulation of proline has been reported from pea (P. sativum) and wheat (T. aestivum)
under drought conditions (Alexieva et al., 2001; Nayyar & Walia, 2003). Some plant species that
are susceptible to abiotic stress lack the ability to accumulate substantial amounts of osmolytes
and exogenous applications of compatible compounds have been used to improve their abiotic
stress tolerance. For instance, it has been found that application of proline, glycine betaine and
trehalose was able to promote growth in heat-stressed plants like sugarcane (Saccharum
officinarum), spinach (Spinacia oleracea) and barley (H. vulgare) (Jain et al., 2009; Rasheed et al.,
2011; Sakamoto et al., 2002). Genes involved in the biosynthesis of osmolytes have been identified
from multiple plant species includes Arabidopsis, tobacco (N. tabacum) and rice (Oryza sativa)
and the manipulation of their levels of expression levels has been used to improve their
accumulation and associated abiotic stress tolerance (Yoshiba et al., 1997).

1.2

Molecular biology

Expression levels of genes involved in multiple pathways have been found to change under
drought or heat stress. The identification of these genes and their pathways is not only important
in the understanding of basic mechanisms of plant growth under drought or heat stress conditions,
but the discovery of important regulatory genes that may be used as targets for molecular breeding
or genetic engineering could improve drought and heat tolerance in susceptible plants.
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1.2.1 ABA dependent pathways
Abscisic acid (ABA) is one of the most important hormones in plants and it has been long
known to be involved in multiple stress responses. Genes and enzymes involved in the synthesis
of ABA have been identified from different plant species. For example, expression of zeaxanthin
epoxidase (ZEP), which catalyzes the epoxidation of zeaxanthin to violaxanthin and is the first
step in ABA biosynthesis (Xiong and Zhu, 2003 ), was found to be up-regulated under drought
stress conditions in a number of plant species (Iuchi et al., 2000). Antioxidative cleavage of 9-cis
epoxycarotenoid dioxygenase (NCED) and abscisic-aldehyde oxidase (AAO3) are also related to
the synthesis of ABA and have been found to be up-regulated in response to drought (Xiong &
Zhu, 2003). Overexpression of these genes has led to increased levels of ABA and associated
improved resistance to drought stress in transgenic Arabidopsis and rice (O. sativa) (Estrada-Melo
et al., 2015; Zhang et al., 2009).
In addition to genes directly involved in ABA synthesis, other genes downstream of the
ABA biosynthesis process, especially transcription factors, have been found to be essential in the
role of ABA in plant physiological responses under drought stress conditions. In Arabidopsis,
AtMYB60 is expressed in guard cells and it was shown that transgenic plants with reduced levels
of its expression showed a 30%-reduction in the aperture size of stomatal pores, decreased water
loss, and increased drought tolerance (Baldoni et al., 2015). In apple (Pyrus malus), expression of
MDSIMYB1 has been shown to be up-regulated in response to many stressors and ectopic
expression of this gene in tobacco (Nicotiana benthamiana) led to increased tolerance to drought,
cold, and salt (Wang et al., 2014).
In addition to the MYB family, ABRE-binding protein/factor (AREB/ABF) is another group
of transcription factors related to the ABA-dependent regulatory system. In Arabidopsis, it has
been found that AREB1/ABF2, AREB2/ABF4, and ABF3 are involved in ABA signaling (Fujita et
al., 2011; Yoshida et al., 2010) and in rice (O. sativa), OsABF2 was induced by drought stress and
modulated the expression of abiotic stress-response genes (Hossain et al., 2010). NAC is a third
group of transcription factors that have been found to be involved in responses to stress conditions
(Shamimuzzaman & Vodkin, 2013) and evidence suggests they play important roles in the
adaptation of plants to drought conditions (Hegedus et al., 2003; Jeong et al., 2010; Nakashima et
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al., 2009). For example, overexpression of the Miscanthus lutarioriparius gene MlNAC5 in
Arabidopsis enhanced drought tolerance via the ABA-dependent pathway (Yang et al., 2015).
In addition to its function in drought tolerance, ABA has also been found to be involved in
heat stress tolerance. For example, in grape (Vitis vinifera) plants, ABA content increased sharply
within a few hours of heat treatment (Abass et al., 1993). Plants deficient in ABA synthesis are
more sensitive to heat stress, but the molecular mechanisms of the involvement of ABA in heat
stress tolerance are unclear. In Arabidopsis, it was shown that hydrogen peroxide can increase the
expression of heat shock protein 70 (HSP70) via the interaction with ABA. The improved heat
stress was realized via the spatial and temporal interaction between reactive oxygen species (ROS)
and ABA. These interactions among ABA, HSP, and ROS are indispensable to impose the
systemic acquired acclimation in plants under heat stress conditions (Suzuki et al., 2013).
1.2.2

ABA-independent pathways

In addition to the abovementioned genes associated with ABA synthesis and signaling, another
group of genes in which the promoter regions do not have an ABA responsive element, but rather
a dehydration-responsive element/C-repeat (DRE/CRT), also play key roles in plants under
drought or heat stress (Saddhe et al., 2017). In grape (V. vinifera), the expression levels of four
DREB/CBF genes were enhanced in response to drought stress in root and leaf tissues (Zandkarimi
et al., 2015). Arabidopsis has eight members of DREB genes in which DREB2A and DREB2B are
highly inducible by drought and heat stress (Sakuma et al., 2002, 2006). A follow-up
biotechnological approach showed that the drought stress tolerance can be increased via the
overexpression of DRDB2B in Arabidopsis (Sakuma et al., 2006).
1.2.3

Genes related to mitogen-activated protein kinase (MAPK)

The mitogen-activated protein kinase (MAPK) signaling transduction pathway in plants
can significantly respond to drought stress (Golldack et al., 2014; Sinha et al., 2011; Wu et al.,
2014) and comprises MAPK kinases (MAPKKs) that link MAPKK kinases (MAPKKKs) and
MAPKs. Studies have revealed that MPK6, MKK1, and MKKK20 may regulate ROS, which is a
signaling molecule, and initiate its accumulation in a stress response in Arabidopsis and maize (Z.
mays) (Xing et al., 2008; Zhang et al., 2006). Manipulation of the expression of MAPK may alter
stress tolerance in plants and it has been shown in tobacco (N. tabacum) that GhMKK3, a cotton
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(G. hirsutum) group-B MAPKK gene, regulated root growth and stomatal closure (Wang et al.,
2016).
1.2.4

Water Channels

Plasma membrane intrinsic proteins (PIPs) are types of aquaporin or water channel proteins that
facilitate water transport and are divided into two groups (PIP1 and PIP2) based on sequence
homology (Mahdieh et al., 2008). Most aquaporin proteins in Arabidopsis are down-regulated
under drought conditions (Alexandersson et al., 2005). When PIP1b is overexpressed, growth rate,
transpiration, stomatal density, and photosynthetic rate increase under favorable conditions. But
under drought conditions, the same type of transgenic plants showed faster wilting symptom
compared to the wild type plants, indicating the accelerated movement of water via the plasma
membrane is negatively correlated with drought stress tolerance (Aharon et al., 2003). Similar to
Arabidopsis, in tobacco (N. tabacum), the expression of PIP gene was also down-regulated. The
reduced water transport was to decrease the osmotic hydraulic conductance in roots under drought
stress (Mahdieh et al., 2008).
1.2.5

Late Embryogenesis Abundant Proteins (LEA)

Late embryogenesis abundant (LEA) proteins belong to a gene family with multiple
members. LEAs play key roles in tolerance of multiple stressors, such as drought and heat. LEA
proteins accumulate to high levels in vegetative organs of Arabidopsis during water deficit and
increase water binding capacity as a protective response during drought or heat stress (Hoekstra et
al., 2001; Olvea-Carrillo). LEA proteins are also important in the sequestration of ions that
accumulate during cellular dehydration (Goyal et al., 2005) and it is possible that LEA proteins
prevent the inactivation or aggregation of enzymes, such as dehydrogenase (LDH), malate
dehydrogenase (MDH), and Citrate Synthase (CS), during dehydration or heat stress (Goyal et al.,
2005). LEA proteins were proved to work as membrane stabilizers to increase stress tolerance in
cowpea (Vigna unguiculata) (Ismail et al., 1999) and overexpression of LEA protein has been
manipulated in transgenic rice (O. sativa) and wheat (T. aestivum) to improve drought stress
tolerance (Sivamani et al., 2000; Xu et al., 1996). Although there is no direct biotechnological
evidence of improvement of heat stress tolerance due to overexpression of LEA proteins, the
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introduction of 13 PtaLEA genes from pine tree (Pinus tabuliformis) into Escherichia coli led to
increased tolerance to heat and saline stress (Gao et al., 2016).
1.2.6

Genes Related to Cuticle and Wax Biosynthesis

The plant cuticle is a layer of hydrophobic wax that protects plant organs and, in concert
with stomata, controls plant water status to improve plant survival of drought conditions. Increased
cuticle thickness has been found to be correlated with improved drought resistance. Accumulation
of cuticular waxes on the surface of wheat (T. aestivum) grown under drought conditions results
in a blue-white coloration (glaucousness) that increases radiation reflectance and reduces leaf
temperature and transpiration, enhancing leaf survival (Guo et al., 2016). In wheat (T. aestivum),
genetic markers associated with glaucousness have been developed and the breeding of drought
resistant wheat with these markers has been actively pursued (Gupta et al., 2017). Studies of mutant
or T-DNA insertion lines have led to the identification of many genes related to cuticular wax
synthesis, transport, and accumulation (Beisson et al., 2000; Jetter et al., 2007; Li-Beisson et al.,
2013). In previous study, CER genes family were divided to two groups based on their biofunctions. CER1, CER2, CER5 and CER6 were proved to be involved in transportation of wax
compounds in Arabidopsis, tobacco (N. tabacum) and rice (O. sativa) (Aarts et al., 1995; Fiebig et
al., 2000; St-Pierre et al., 1998; Xia et al., 1996; Xu et al., 1997) whereas CER3 encode the
regulatory proteins and therefor plays regulatory functions in the expression levels of genes
participating in the synthesis of wax (Aharoni et al., 2004). The importance of these genes in wax
accumulation was demonstrated by the overexpression of some members in the CER gene family.
For example, in Arabidopsis, alfalfa (Medicago sativa) and camelina (Camelina sativa), the
overexpressed genes in this gene family have been shown to be able to lead to increased amounts
of cuticular waxes and improved drought tolerance (Xu et al., 2016; Zhang et al., 2005).
1.2.7

Genes Related to Heat Shock Proteins

The biological structure and function of enzymes can be hampered by abiotic stress. In
order to avoid these negative effects, plants can adopt certain mechanisms to prevent these
deleterious alterations and maintain enzymatic conformation and prevent the aggregation of
proteins. In rice (O. sativa), many heat shock proteins belong to a large group of molecules called
chaperones whose main functions are to stabilize the native structure of proteins (Gorantla et al.,
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2007). Although called “heat shock” proteins, they are also produced in Arabidopsis and sunflower
(Helianthus. annuus) cope with other environmental stresses, such as drought and low temperature,
in addition to exposure to high temperature (Coca et al., 1994; Wahid et al., 2007). In plants, the
most important heat shock protein that responds to drought or heat is Hsp70 and there are 18 and
12 members of Hsp70 in Arabidopsis and spinach (S. oleracea), respectively, of which many have
been shown to respond to heat and drought (Mitllar et al., 2004). Plants in which Hsp70 is
overexpressed have shown higher levels of heat tolerance (Su et al., 2008). Hsp90 and Hsp100 are
constitutively expressed in Arabidopsis and have been found to be related to stress tolerance, since
their expression was found to increase in response to heat and drought stress (Park et al., 2015).
Heat shock proteins often work synergistically to provide protection to plant under stress
conditions.
1.2.8

Reactive Oxygen Species (ROS)

ROS include peroxides, superoxide, hydroxyl radical, and singlet oxygen. They were found
in maize and alfalfa (M. sativa) under normal growth conditions as well as stress conditions, such
as drought or heat, although this production under adverse environment is enhanced (Carvalho et
al., 2008; McKersie et al., 1993; You et al., 2015). While the overproduction of ROS is harmful to
plants, because it damages cell membranes, moderately enhanced production is beneficial as it acts
as an alarm signal that triggers defense pathways and response mechanisms. For example, ROS
has been found to be involved in ABA synthesis, an important hormone associated with
physiological responses to drought or heat conditions, in Arabidopsis (Sirichandra et al., 2009).
An equilibrium between ROS generation and degradation must be maintained, and plants have
evolved multiple mechanisms for ROS detoxification, such as the generation of antioxidants
including ascorbic acid (AsA), glutathione (GSH), carotenoids, and flavonoids, and altered
expression of genes encoding scavenging enzymes, such as superoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APX), and glutathione peroxidase (GPX) (Apel & Hirt, 2004;
Mittler et al., 2004; Takahashi & Asada, 1988).
Biotechnological manipulation of the expression levels of antioxidant enzymes have been
used to improve stress tolerance in difference plant species. For instance, a MnSOD gene was
overexpressed in transgenic alfalfa (M. sativa) that resulted in improved drought tolerance, while
a pea MnSOD gene driven by an oxidation inducible promoter in transformed rice (O. sativa)
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similarly resulted in improved drought tolerance and plant growth caused by a higher
photosynthetic rate than in wild type plants (Wang et al., 2005). Since multiple antioxidant
enzymes are involved in stress conditions, recent studies, in which two antioxidant enzymes (APX
and SOD) were simultaneously transformed in potato (S. tuberosum), have showed that ROS
scavenging capacity may be significantly improved by biotechnological manipulation of multiple
genes (Shafi et al., 2014).
1.2.9 Soybean, drought, and heat stresses
Soybeans (G. max) has been known as one of the most important legume crop in the world
and provides dietary of oil, protein, macronutrients, minerals and can also be used as biofuel
(Koberg et al., 2011). Because of the importance of soybeans for human food and energy security,
large efforts have been made to improve soybean yield in the past decades. To satisfy the needs of
the constantly growing human populations, a larger improvement for yield in soybean is necessary.
The limited genetic base for soybean cultivars make traditional breeding less efficient and it takes
many years to breed an elite commercial variety. In addition, the growth and development of
soybean can be adversely affected by biotic and abiotic stresses, which can led more yield loss.
Drought stress can reduce soybean yield up to 60% worldwide (Valliyodan & Nguyen,
2006).Wilting of the canopy can be used as a symptom of soybean in response to drought stress
(Sloane et al., 1990). Approaches to delay the canopy wilting can be used as one of the marker of
future soybean breeding projects (Pathan et al., 2014). Atmospheric nitrogen (N2) fixation can be
affected by even mild drought stress. Reduced N2 fixation causes decreased yield of soybean due
to insufficient nitrogen supply (Sinclair et al., 2006). Therefore, breeding soybean varieties for
simultaneously enhanced water and nitrogen use efficiencies is one of the goals for breeders. The
impact of heat on soybean growth and yield have not been studies as extensively as that for drought
stress. Elevated temperature can cause metabolic changes, growth retardation, oxidative stress, and
cell death in soybean plants. Nowadays, modern phenotyping technique, data processing, and
bioinformatics analysis are useful techniques for breeding but it can still be challenging in adopting
these techniques to large scale samples collected from the field (Araus et al., 2013; Furbank et al.,
2011), particularly in some developing countries (Beebe et al., 2013). Therefore, manual plant
phenotyping techniques are still valuable tools for plant breeding worldwide. In addition to the
visual phenotypic observation on traits associated with plants grown under different environments,
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it is equally important to dissect the underlying physiological and molecular mechanisms
associated with these traits. The genes and pathways identified by these high throughput new
generation sequencing tools can provide understanding on how plant physiology and metabolisms
are involved during stress conditions. In addition, some of the genes associated with important
physiological processes can be used as targets for genetic engineering or molecular breeding.

13
1.3
1.

References

Aarts, M. (1995). Molecular characterization of the cer1 gene of arabidopsis involved in
epicuticular wax biosynthesis and pollen fertility. The Plant Cell. 7(12): 2115-2127.

2.

Abass, M. (1993). Abscisic acid accumulation in leaves and cultured cells during heat
acclimation in grapes. Horticulture Science. 28(1): 50-52.

3.

Aharon, R. (2003). Overexpression of a plasma membrane aquaporin in transgenic tobacco
improves plant vigor under favorable growth conditions but not under drought or salt stress.
The Plant Cell. 15(2): 439-447.

4.

Aharoni, A. (2004). Gain and loss of fruit flavor compounds produced by wild and cultivated
strawberry species. The Plant Cell. 16(11): 3110-3131.

5.

Alexandersson, E. (2005). Whole gene family expression and drought stress regulation of
aquaporins. Plant Molecular Biology. 59(3):469-484.

6.

Alexieva. V. (2001). The effect of drought and ultraviolet radiation on growth and stress
markers in pea and wheat. Plant Cell Environment. 24(12): 1337–1344.

7.

Amsbury, S. (2016). Stomatal function requires pectin de-methyl-esterification of the guard
cell wall. Current Biology. 26(21): 2899-2906.

8.

Anjum, F. (2003). Water stress in barley (Hordeum vulgare L.). I. Effect on morphological
characters. Pakistan Journal of Agricultural Sciences. 40(1): 43–44.

9.

Apel, K. and Hirt, H. (2004). Reactive oxygen species: metabolism, oxidative stress, and
signal transduction. Annual Review of Plant Biology. 55: 373-379.

10. Araus, J.L. (2013). Field high-throughput phenotyping: The new crop breeding frontier.
Trends Plant Sci. 19: 1–62.
11. Ashraf, M., & Foolad, M. (2007). Roles of glycine betaine and proline in improving plant
abiotic stress resistance. Environmental and experimental botany. 59(2): 206-216.
12. Baldoni, E. (2015). Plant MYB transcription factors: their role in drought response
mechanisms. International Journal of Molecular Sciences. 16(7):15811-51.
13. Barnabás, B. (2007). The effect of drought and heat stress on reproductive processes in cereals.
Plant, Cell & Environment. 31(1): 11-38.
14. Beebe, S. (2013). Phenotyping common beans for adaptation to drought. Frontiers in
physiology. 4: 35.

14
15. Beisson F. (2000). Methods for lipase detection and assay: a critical review. European
Journal of Lipid Science and Technology. 133–153.
16. Bita, C. E., & Gerats, T. (2013). Plant tolerance to high temperature in a changing
environment: Scientific fundamentals and production of heat stress-tolerant crops. Frontiers
in Plant Science. 4: 273.
17. Blanco, C. (2000). Epidemiology, pathophysiology and treatment of pathological gambling.
CNS Drugs. 13(6): 397–407.
18. Boyer, J. S. (1989). Water potential and plant metabolism: comments on Dr PJ Kramer's
article ‘Changing concepts regarding plant water relations’, Volume 11, Number 7, pp. 565–
568, and Dr JB Passioura's Response, pp. 569–571. Plant, Cell & Environment. 12(2): 213216.
19. Carvalho, M.H.C (2008). Drought stress and reactive oxygen species. Plant Signaling &
Behavior. 3(3): 156-165.
20. Chaves, MM. (1991). Effects of water deficits on carbon assimilation. Journal of
Experimental Botany. 42(1): 1-16.
21. Chaves, M. M. (2002). How Plants Cope with Water Stress in the Field? Photosynthesis and
Growth. Annals of Botany. 89(7): Pages 907–916.
22. Chen, T. H., & Murata, N. (2008). Glycinebetaine: an effective protectant against abiotic
stress in plants. Trends in plant science. 13(9): 499-505.
23. Chen, X. (2003). Cloning and Characterization of the WAX2 Gene of Arabidopsis Involved
in Cuticle Membrane and Wax Production. The Plant Cell.15(5): 1170-1185.
24. Ciais, P. (2005). Europe-wide reduction in primary productivity caused by the heat and
drought in 2003. Nature. 437: 529–533.
25. Coca, MA. (1994). Expression of sunflower low-molecular-weight heat-shock proteins
during embryogenesis and persistence after germination: localization and possible functional
implications. Plant Molecular Biology. 25(3):479–492.
26. Cornic, G. (2000). Flexible coupling between light-dependent electron and vectorial proton
transport in illuminated leaves of C3 plants. Role of photosystem I-dependent proton pumping.
Planta. 210(3): 468-477.

15
27. Davies, W. J., & Wilkinson, S. (2012). Understanding and Exploiting Plant Hormone Biology
to Enhance Crop Production Under Water Scarcity. Plant Responses to Drought Stress. 259272.
28. Dias, M. C. (2018). Chlorophyll fluorescence and oxidative stress endpoints to discriminate
olive cultivars tolerance to drought and heat episodes. Scientia Horticulturae. 231: 31-35.
29. Egilla, J.N. (2005). Drought stress influences leaf water content, photosynthesis, and wateruse efficiency of Hibiscus rosa-sinensis at three potassium concentrations. Photosynthetica.
43(1): 135-140.
30. Estrada-Melo, A. C. (2015). Overexpression of an ABA biosynthesis gene using a stressinducible promoter enhances drought resistance in petunia. Horticulture Research. 2:15013.
31. Fahad, S. (2017). Crop production under drought and heat stress: plant responses and
management options. Frontiers in plant science. 8: 1147.
32. Fiebig A. (2000). Alterations in CER6, a gene identical to CUT1, differentially affect longchain lipid content on the surface of pollen and stems. The Plant Cell. 121(1):2001–2008.
33. Flexas, J. (2006). Decreased Rubisco activity during water stress is not induced by decreased
relative water content but related to conditions of low stomatal conductance and chloroplast
CO2 concentration. New Phytologist. 172(1):73-82.
34. Fonti, P. (2009). Studying global change through investigation of the plastic responses of
xylem anatomy in tree rings. New Phytologist. 185(1):42-53.
35. Fujita, Y. (2011). ABA-mediated transcriptional regulation in response to osmotic stress in
plants. Journal of Plant Research. 124(4):509-525.
36. Furbank, R.T. (2011). Phenomics—Technologies to relieve the phenotyping bottleneck.
Trends Plant Sci. 16: 635–644.
37. Gao, J. (2016). Functional characterization of the late embryogenesis abundant (LEA) protein
gene family from Pinus tabuliformis (Pinaceae) in Escherichia coli. Scientific Reports.
6:19467.
38. Golldack, D. (2014). Tolerance to drought and salt stress in plants: Unraveling the signaling
networks. Frontiers in Plant Science. 5:151.
39. Gorantla, M. (2006). Identification of stress-responsive genes in an indica rice (Oryze sativa
L.) using ESTs generated from drought-stressed seedlings. Journal of Experimental Botany,
58(2), 253-265.

16
40. Goyal, K. (2005). LEA proteins prevent protein aggregation due to water stress. Biochemical
Journal. 388(1):151-157.
41. Guo, J. (2016). Cuticular wax accumulation is associated with drought tolerance in wheat
near-isogenic lines. Plant Science. 7:1809.
42. Gupta, P. (2017). QTL Analysis for drought tolerance in wheat: present status and future
possibilities. Agronomy. 7(1):5.
43. Hacke, U.G. (2000). Influence of soil porosity on water use in Pinus taeda. Oecologia.
124(4):495–505.
44. Hannoufa, A. (1996). The CER3 gene of Arabidopsis thaliana is expressed in leaves, stems,
roots, flowers and apical meristems. The Plant Journal. 10(3):459–467.
45. Hansen, J.D. (1997). The GLOSSY1 locus of maize and an epidermis-specific cDNA from
Kleinia odora define a class of receptor-like proteins required for the normal accumulation of
cuticular waxes. Plant Physiology. 113(4):1091–1100.
46. Hasanuzzaman, M. (2013). Physiological, biochemical, and molecular mechanisms of heat
stress tolerance in plants. International Journal of Molecular Sciences. 14(5):9643-9684.
47. Hegedus, D. (2003). Molecular characterization of Brassicanapus NAC domain
transcriptional activators induced in response to biotic and abiotic stress. Plant Molecular
Biology. 53(3):383-397.
48. Hoekstra, F. A. (2001). Mechanisms of plant desiccation tolerance. Trends in Plant Science.
6(9):431-438.
49. Hossain, M. A. (2010). The ABRE-binding bZIP transcription factor OsABF2 is a positive
regulator of abiotic stress and ABA signaling in rice. Journal of Plant Physiology.
167(17):1512-1520.
50. Huey, R. B. (2002). Plants versus animals: do they deal with stress in different ways?
Integrative and Comparative Biology. 42(3):415-423.
51. Hussain, A.I., F. (2008). Chemical composition. Antioxidant and antimicrobial activities of
basil (Ocimum basilicum) essential oils depends on seasonal variations. Food Chemistry.
108(3): 986-995.
52. Ismail, AM. (1999). Purification and partial characterization of a dehydrin involved in
chilling tolerance during seedling emergence of cowpea. Plant Physiology. 120(1):237–244.

17
53. Iuchi, S. (2000). A stress-inducible gene for 9-cis-epoxycarotenoid dioxygenase involved in
abscisic acid biosynthesis under water stress in drought-tolerant cowpea. Plant Physiology.
123(2):553-562
54. Jain, R. (2009). Nutrient application improves stubble bud sprouting under low temperature
conditions in sugarcane. Sugar Technology. 11(1):83–85.
55. Jeong, J. S. (2010). Root-specific expression of OsNAC10 improves drought tolerance and
grain yield in rice under field drought conditions. Plant Physiology. 153(1):185-197.
56. Jetter, R. (2007). Biology of the plant cuticle. Annual Plant Reviews. 23:1.
57. Johansson, M. (1992). Rose leaf structure in relation to different stages of micro-propagation.
Protoplasma. 166(3-4):165-176.
58. Jones, H.G. & J.E. Corlett, (1992). Current topics in drought physiology. Journal of
Agriculture Science. 119(3):291-296.
59. Kamara, A. Y. (2003). The inﬂuence of drought stress on growth, yield and yield components
of selected maize genotypes. Journal of Agricultural Science. 141(1):43–50
60. Karim, Z., (1996). Agricultural Vulnerability and Poverty Alleviation in Bangladesh. Climate
Change and World Food Security. T. E. Downing (Ed.), NATO ASI Series. 137:307-346.
61. Kaya, MD. (2006). Seed treatments to overcome salt and drought stress during germination
in sunflower (Helianthus annuus L.). European Journal of Agronomy. 24:291-295.
62. Koberg, M. (2011). Optimization of bio-diesel production from soybean and wastes of cooked
oil: Combining dielectric microwave irradiation and a SrO catalyst. Bioresource
technology. 102(2): 1073-1078.
63. Kramer, P. J. (1988). Changing concepts regarding plant water relations. Plant, Cell &
Environment. 11(7): 565-568.
64. Kron, A. P. (2008). Water deficiency at different developmental stages of Glycine max can
improve drought tolerance. Bragantia. 67(1): 43-49.
65. Lazaridou, A. (2004). Composition, thermal and rheological behaviour of selected Green
honeys. Journal of Food Engineering. 64(1)9–21.
66. Li, Y. (2017). Improving water-use efficiency by decreasing stomatal conductance and
transpiration rate to maintain higher ear photosynthetic rate in drought-resistant wheat. The
Crop Journal. 5(3): 231-239.

18
67. Li-Beisson, Y. (2013). Acyl-lipid metabolism. Arabidopsis Book. 11:e0161
68. Liu, F. (2005). Jacobsen ABA regulated stomata control and photosynthetic water use
efficiency of potato (Solanum tuberosum L.) during progressive soil drying. Plant Science.
168: 831-836.
69. Lobell, D.B. (2003). Climate and Management Contributions to Recent Trends in U.S.
Agricultural Yields. Science. 299(5609):1032-1032.
70. Ludlow, M.M. (1990) Contribution of osmotic adjustment to grain yield in Sorghum bicolor
L. under water-limited conditions. II. Water stress after anthesis. Australia Journal of
Agricultural Research 41: 67-78.
71. Machado, S. & Paulsen, G.M. (2001). Combined effects of drought and high temperature on
water relations of wheat and sorghum. Plant and Soil. 233(2): 179-187.
72. Mahdieh, M. (2008). Drought Stress Alters Water Relations and Expression of PIP-Type
Aquaporin Genes in Nicotiana tabacum Plants. Plant and Cell Physiology. 49(5):801-813.
73. Manivannan, P. (2007). Changes in antioxidant metabolism of (Vigna unguiculata L.) Walp.
by propiconazole under water deficit stress. Biointerfaces. 57(1):69-74.
74. Manivannan, P. (2007). Growth, biochemical modifications and proline metabolism in
(Helianthus annuus L.) as induced by drought stress. Biointerfaces. 59(2):141–149.
75. McKersie, BD. (1993). Superoxide dismutase enhances tolerance of freezing stress in
transgenic alfalfa (Medicago sativa L.). Plant Physiology.103(4):1155–1163.
76. Millar, AA. (1999). CUT1, an Arabidopsis gene required for cuticular wax biosynthesis and
pollen fertility, encodes a very-long-chain fatty acid condensing enzyme. The Plant Cell.
11(5):825–838.
77. Mittler, R., & Blumwald, E. (2010). Genetic Engineering for Modern Agriculture: Challenges
and Perspectives. Annual Review of Plant Biology. 61(1):443-462.
78. Moh’d I, Hozain. (2010). The differential response of photosynthesis to high temperature for
a boreal and temperate Populus species relates to differences in Rubisco activation and
Rubisco activase properties. Tree Physiology. 30(1):32–44.
79. Mohanty, S. (2006). Light and dark modulation of chlorophyll biosynthetic genes in response
to temperature. Planta. 224(3):692–699.

19
80. Monclus, R. (2009). Productivity, water-use efficiency and tolerance to moderate water
deficit correlate in 33 poplar genotypes from a Populus deltoids / Populus trichocarpa F1
progeny. Tree Physiology. 29(1):1329–1339.
81. Monneveux, P. (2005). Relationship between grain yield and carbon isotope discrimination
in bread wheat under four water regimes. European Journal of Agronomy. 22(2):231–242.
82. Moose, S. P., & Sisco, P. H. (1996). Glossy15, an APETALA2-like gene from maize that
regulates leaf epidermal cell identity. Genes & Development. 10(23):3018-3027.
83. Morgan, J.M. (1995). Growth and yield of wheat lines with differing osmoregulative capacity
at high soil water deficit in season of varying evaporative demand. Field Crop Research. 40:
143-152.
84. Nakashima, K. (2009). Transcriptional regulatory networks in response to abiotic stresses in
Arabidopsis and grasses. Plant Physiology. 149 (1): 88-95.
85. Nayyar, H. (2006). Differential sensitivity of C3 and C4 plants to water deficit stress:
association with oxidative stress and antioxidants. Environmental and Experimental Botany.
58(1-3): 106-113.
86. Nayyar, H. & Walia, D. (2003). Water Stress Induced Proline Accumulation in Contrasting
Wheat Genotypes as Affected by Calcium and Abscisic Acid. Biologia Plantarum. 46(2):
275-279.
87. Negruk, V. (1996). Molecular cloning and characterization of the CER2 gene of Arabidopsis
thaliana. Plant Journal. 9(2):137–145.
88. Nerd, A. & Nobel, P. S. (1991). Effects of drought on water relations and nonstructural
carbohydrates in cladodes of Opuntia ficus-indica. Physiology Plantarum. 81(4):495-500.
89. Nonami, H. (1998). β-Carboline alkaloids as matrices for UV-matrix assisted laser
desorption/ionization time-of-flight mass spectrometry in positive and negative ion modes.
Analysis of proteins of high molecular mass, and of cyclic and acyclic oligosaccharides.
Rapid Communications in Mass Spectrometry. 12(6):285–296.
90. Obidiegwu, J. E. (2015). Coping with drought: Stress and adaptive responses in potato and
perspectives for improvement. Frontiers in Plant Science, 6:542.

20
91. Olvera-Carrillo, Y. (2010). Functional Analysis of the Group 4 Late Embryogenesis
Abundant Proteins Reveals Their Relevance in the Adaptive Response during Water Deficit
in Arabidopsis. Plant Physiology. 154(1): 373–390.
92. Perata, P. (2011). Plants and flooding stress. New Phytologist. 190: 269–273.
93. Park, C. (2015). Heat Shock Proteins: A Review of the Molecular Chaperones for Plant
Immunity. The Plant Pathology Journal. 31(4):323-333.
94. Pathan, S. M. (2014). Two soybean plant introductions display slow leaf wilting and reduced
yield loss under drought. Journal of Agronomy and Crop Science. 200(3): 231-236.
95. Rasheed, R. (2011). Role of proline and glycinebetaine pretreatments in improving heat
tolerance of sprouting sugarcane (Saccharum sp.) buds. Plant Growth Regulation. 65(1):35–
45.
96. Riaz, A. T. I. F. (2013). Effect of drought stress on growth and flowering of marigold (Tagetes
erecta L.). Pakistan Journal of Botany 45(S1): 123-131.
97. Rizhsky, L. (2004). When Defense Pathways Collide. The Response of Arabidopsis to a
Combination of Drought and Heat Stress. Plant Physiology. 134(4):1683-1696.
98. Rosenzweig, C., & Hillel, D. (2011). Handbook of climate change and agroecosystems
impacts, adaptation, and mitigation. London: Imperial College Press.
99. Rucker, KS. (1995). Identification of peanut genotypes with improved drought avoidance
traits. Peanut Science. 24(1):14-18.
100. Saddhe, A. (2017). Mechanism of ABA Signaling in Response to Abiotic Stress in Plants.
Mechanism of Plant Hormone Signaling under Stress, G. K. Pandey (Ed.).
101. Sakamoto A. (2002). The role of glycine betaine in the protection of plants from stress: Clues
from transgenic plants. Plant Cell Environment. 25(2):163–171.
102. Sakuma, Y. (2006). Functional Analysis of an Arabidopsis Transcription Factor, DREB2A,
Involved in Drought-Responsive Gene Expression. The Plant Cell. 18(5):1292-1309.
103. Sakuma, Y. (2002). DNA-binding specificity of the ERF/AP2 domain of Arabidopsis DREBs,
transcription factors involved in dehydration- and cold-inducible gene expression.
Biochemical and Biophysical Research Communications. 290(3):998–1009.
104. Salvucci, M.E. (2004) Inhibition of photosynthesis by heat stress: the activation state of
Rubisco as a limiting factor in photosynthesis. Physiology Plantarum. 120(2):179-186.

21
105. Samarah, N.H. (2009). Soluble sugar contents, germination and vigor of soybean seeds in
response to drought stress. Journal of New Seeds. 10(2):63–73.
106. Shafi, A. (2014). Simultaneous Over-Expression of PaSOD and RaAPX in Transgenic
Arabidopsis thaliana Confers Cold Stress Tolerance through Increase in Vascular
Lignifications. PLoS ONE. 9(10): e110302.
107. Shamimuzzaman, M., & Vodkin, L. (2013). Genome-wide identification of binding sites for
NAC and YABBY transcription factors and co-regulated genes during soybean seedling
development by ChIP-Seq and RNA-Seq. BMC Genomics. 14(1): 477.
108. Shao, H. (2008). Water-deficit stress-induced anatomical changes in higher plant. Comptes
Rendus Biologies. 331(3): 215-225.
109. Simane, B. Differences in developmental plasticity and growth rate among drought-resistant
and susceptible cultivars of durum wheat (Triticum turgidum L. var. durum). Plant Soil. 157:
155.
110. Sinclair, T.R. (2017). Soybean production in Africa. Global Food Biology. 3:31-40.
111. Sinclair, T. R. (2007). Drought tolerance and yield increase of soybean resulting from
improved symbiotic N2 fixation. Field Crops Research. 101(1): 68-71.
112. Sinha A. K. (2011). Mitogen-activated protein kinase signaling in plants under abiotic stress.
Plant Signal Behavior. 6(2): 196–203.
113. Sinsawat, V. (2004). Effect of heat stress on the photosynthetic apparatus in maize (Zea mays
L.) grown at control or high temperature. Environmental and Experimental Botany. 52(2):
123– 129
114. Sirichandra, C. (2009). Phosphorylation of the Arabidopsis AtrbohF NADPH oxidase by
OST1 protein kinase. FEBS Lett. 583: 2982–2986.
115. Sivamani, E. (2000). Improved biomass productivity and water use efficiency under water
deficit conditions in transgenic wheat constitutively expressing the barley HVA1 gene. Plant
Science. 155(1): 1-9.
116. Sloane, R. J. (1990). Field drought tolerance of a soybean plant introduction. Crop Science.
30(1): 118-123.
117. Souza, T. C. D. (2016). Corn root morphoanatomy at different development stages and yield
under water stress. Pesquisa Agropecuária Brasileira. 51(4): 330-339.

22
118. St-Pierre, B. (1998). The terminal O-acetyltransferase involved in vindoline biosynthesis
defines a new class of proteins responsible for coenzyme A–dependent acyl transfer. Plant
Journal. 14(6): 703–713.
119. Su, P. (2008). Arabidopsis Stromal 70-kD Heat Shock Proteins Are Essential for Plant
Development and Important for Thermotolerance of Germinating Seeds. Plant Physiology.
146(3): 1231-1241.
120. Suzuki, N. (2013).Temporal–spatial interaction between ROS and ABA controls rapid
systemic acclimation in plants. The Plant Cell. 25(9): 3553-69.
121. Tacke, E. (1995). Transposon tagging of the maize GLOSSY2 locus with the transposable
element En/Spm. The Plant Journal. 8(6): 907–917.
122. Takahashi M. & Asada K. (1988). Superoxide production in aprotic interior of chloroplast
thylakoids. Archives of Biochemistry and Biophysics. 267(2): 714–722.
123. Thuiller, W. (2005). Climate change threats to plant diversity in Europe. Proceedings of the
National Academy of Sciences. 102(23): 8245-8250.
124. Valliyodan, B., & Nguyen, H. T. (2006). Understanding regulatory networks and engineering
for enhanced drought tolerance in plants. Current Opinion in Plant Biology. 9(2): 189-195.
125. Velichko, A. (2015). Mechanism of heat stress-induced cellular senescence elucidates the
exclusive vulnerability of early S-phase cells to mild genotoxic stress. Nucleic Acids Research.
43(13): 6309-6320.
126. Volaire, F. (2018). A unified framework of plant adaptive strategies to drought: Crossing
scales and disciplines. Global Change Biology. 2018(00): 1–10.
127. Wahid, A. (2007). Heat tolerance in plants: an overview. Environmental and Experimental
Botany. 61(3):199–223.
128. Wang, C. (2016). The cotton mitogen-activated protein kinase kinase 3 functions in drought
tolerance by regulating stomatal responses and root growth. Plant and Cell Physiology. 57(8):
1629-1642.
129. Wang, R.K. (2014). Overexpression of a R2R3 MYB gene MdSIMYB1 increases tolerance
to multiple stresses in transgenic tobacco and apples. Physiologia Plantarum. 150(1):76–87.
130. Wang, X. (2011). Pre-anthesis high temperature acclimation alleviates the negative effects of
post-anthesis heat stress on stem stored carbohydrates remobilization and grain starch
accumulation in wheat. Journal Cereal Science. 168(6):585-93.

23
131. Wang, FZ. (2005) Enhanced drought tolerance of transgenic rice plants expressing a pea
manganese superoxide dismutase. Journal of Plant Physiology.162: 465–472
132. Wu, J. (2014). Genome-wide identification of MAPKK and MAPKKK gene families in
tomato and transcriptional profiling analysis during development and stress response. PloS
One. 9(7): e103032.
133. Xia, Y. (1996). Cloning and Characterization of CER2, an Arabidopsis Gene That Affects
Cuticular Wax Accumulation. The Plant Cell. 8(8):1291-1304.
134. Xing, Y. (2008). AtMKK1 mediates ABA-induced CAT1 expression and H2O2 production
via AtMPK6-coupled signaling in Arabidopsis. The Plant Journal. 54(3):440–451.
135. Xiong L., & Zhu J.K. (2003). Regulation of abscisic acid biosynthesis. Plant Physiology.
133(1):29–36.
136. Xu, Y., (2016). Overexpression of the transcription factors GmSHN1 and GmSHN9
differentially regulates wax and cutin biosynthesis, alters cuticle properties, and changes leaf
phenotypes in Arabidopsis. International journal of molecular sciences. 17(4): 587.
137. Xu, XJ. (1997) Sequence analysis of the cloned glossy8 gene of maize suggests that it may
code for a β-ketoacyl reductase required for the biosynthesis of cuticular waxes. Plant
Physiology. 115(2):501–510.
138. Xu, D. (1996). Expression of a late embryogenesis abundant protein gene, HVA1, from barley
confers tolerance to water deficit and salt stress in transgenic rice. Plant Physiology.
110(1):249–257.
139. Yang, X. (2015). Overexpression of a Miscanthus lutarioriparius NAC gene MlNAC5
confers enhanced drought and cold tolerance in Arabidopsis. Plant Cell Reports. 34(6):943958.
140. Yoshida, T. (2010). AREB1, AREB2, and ABF3 are master transcription factors that
cooperatively regulate ABRE-dependent ABA signaling involved in drought stress tolerance
and require ABA for full activation. The Plant Journal. 61(4):672-685.
141. Yoshiba, Y. (1997). Regulation of levels of proline as an osmolyte in plants under water stress.
Plant and Cell Physiology. 38(10):1095–1102,
142. You, J. (2015). ROS Regulation During Abiotic Stress Responses in Crop Plants. Frontiers
in Plant Science. 6:1092.

24
143. Zandkarimi, H. (2015). Analyzing the Expression Profile of AREB/ABF and DREB/CBF
Genes under Drought and Salinity Stresses in Grape (Vitis vinifera L.). Plos One. 10(7):
e0134288.
144. Zhang, Y. (2009). Increased abscisic acid levels in transgenic tobacco over-expressing 9
cisepoxycarotenoid dioxygenase influence H2O2 and NO production and antioxidant
defences. Plant Cell Environment. 32(5):509-519.
145. Zhang, A. (2006). Mitogen-activated protein kinase is involved in abscisic acid-induced
antioxidant defense and acts downstream of reactive oxygen species production in leaves of
maize plants. Plant Physiology. 141(2):475–487.
146. Zhang, JY. (2005). Overexpression of WXP1, a putative Medicago truncatula AP2 domaincontaining transcription factor gene, increases cuticular wax accumulation and enhances
drought tolerance in transgenic alfalfa (Medicago sativa). The Plant Journal. 42(5): 689–707
147. Zipper, S. C. (2016). Drought effects on US maize and soybean production: Spatiotemporal
patterns and historical changes. Environmental Research Letters. 11(9): 094021.

25

PHYSIOLOGICAL AND MOLECULAR RESPONSES OF
SOYBEAN TO DROUGHT STRESS

2.1 Abstract
Drought is a major abiotic stress that limits soybean (Glycine max) production. Most prior
studies were focused on either model species or crops that are at their vegetative stages. It is known
that the reproductive stage of soybean is more susceptible to drought. Therefore, an understanding
on the responsive mechanisms during this stage will not only be important for basic plant
physiology, but the knowledge can also be used for crop improvement via either genetic
engineering or molecular breeding. In this study, physiological measurements and RNA Seq
analysis were used to dissect the metabolic alterations and molecular responses in the leaves of
soybean grown at drought condition. Photosynthesis rate, stomata conductance, transpiration and
water potential were reduced. The activities of SOD and CAT were increased, while the activity
of POD stayed un-changed. A total of 2771 annotated genes with at least 2-fold changes were
found to be differentially expressed in the drought stressed plants in which 1798 genes were upregulated and 973 were down-regulated. Via KEGG analysis, these genes were assigned to
multiple molecular pathways, including ABA biogenesis, compatible compound accumulation,
secondary metabolite synthesis, fatty acid desaturation, plant transcription factors, etc. The large
number of differentially expressed genes and the diverse pathways indicated that soybean employs
complicated mechanisms to cope with drought. Some of the identified genes and pathways can be
used as targets for genetic engineering or molecular breeding to improve drought resistance in
soybean.

2.2 Introduction
Soybean (Glycine max L.) originates from China and has been adopted as one of the most
globally important crops. Unlike from most cereal crops, in which carbohydrate is the main
nutrient, soybean has the benefit of greater nutritive value, due to the additional presence of protein,
oil, micronutrients, and isoflavones that are beneficial compounds to human health (Choudhary
and Tran, 2011; He et al., 2013). Water deficit dramatically limits growth and yield for soybean.

26
Although irrigation can be an option when soybean plants are under drought stress, in the US only
9% of the soybean acreage is irrigated (Schlenker and Roberts, 2009). For example, drought stress
in 2012 led to the loss of 4.63 million tonnes of soybean in the US (Rippey, 2015). It is predicted
that the future drought events will occur more frequently due to climate change (Beniston et al.,
2007). In the meanwhile, the rate of consumption of soybean is likely to increase with the ongoing
rise in global human population. Therefore an important aim for agricultural research is to breed
drought resistant varieties of soybean to meet this increased demand (Hasan et al., 2015).
Under drought stress conditions, the loss of water from plant cells reduces turgor pressure and
cell division, and increases the osmolality in the cytosolic compartment (Marsal et al., 1997, 2002;
Schuppler et al., 1998). As sessile organisms, plants have evolved several adaptive strategies to
drought stress, such as increasing root growth and biomass, closure of stomata, and changes to leaf
angle (Osakabe et al., 2014). Previous studies have shown that these phenotypic changes are
associated with multiple genes and pathways, including signal transduction, protein metabolism,
synthesis of compatible compounds, regulation of plant hormone synthesis, and carbohydrate
metabolism (Harb et al., 2010; Lata et al., 2015; Yamaguchi-Shinozaki and Shinozaki, 2006). Most
understanding of molecular response mechanisms to drought stress tolerance derives from studies
on model plant species, such as Arabidopsis (Harb et al., 2010), cotton (Payton et al, 2011), and
maize (Z. mays) (Zheng et al, 2010). Although a few studies have been performed to dissect the
molecular responses in soybean to drought stress, the focus has tended to be on roots, or plants at
vegetative stages and a specific family of genes. For example, a total of 4866 and 2724 genes were
found to be differentially expressed in soybean plants at the V1 and V4 stage, respectively, to
water deficit (Chen et al, 2016; Rodrigues et al., 2015); A total of 6609, 822, 632 genes were found
to be differentially expressed in the roots of different soybean varieties (Ha et al., 2015; Song et
al., 2016); eight of the 28 NAC genes were discovered to have high expression levels in the
drought-resistant soybean varieties than the drought sensitive varieties (Hussain et al., 2017).
In soybeans, mild drought stress happened in vegetative growth stages didn’t show significant
reduction on yield in the previous studies. On the contrary, the reproductive stage of soybean
plants is more susceptible to drought stress. Therefore, a specific transcriptomic dissection on
soybean plants grown at this stage will most likely lead to the identification of adaptive molecular
mechanisms specifically associated with this development stage. Two recent studies used varieties
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differing in canopy wilting phenotype under drought conditions and at reproductive stages to
elucidate the differential molecular response underlying the phenotype (Prince et al., 2015; Shin
et al., 2015). Informative transcriptomic results were obtained from these results, however, the
soybean accessions used in these studies are not the sequenced Williams 82 soybean variety; in
addition, in one of the studies, the RNA-Seq libraries were prepared from samples collected from
detached leaves rather than from intact soybean plants experiencing drought in pots (Shin et al.,
2015). In a separate study, soybean plants at the R2 stage was used for gene expression analysis.
Microarray analysis of the control and drought stressed samples led to the identification of 3270
differentially expressed genes (Le et al., 2012). Although microarray has been used widely for
gene profiling analysis, this method has a few drawbacks such as cross-hybridization, non-specific
hybridization, relatively low sensitivity, and inability of analysis of genes that are not on the array.
These limitations can be overcome by the recently developed high throughput sequencing
technique, such as RNA-Seq (Chen et al., 2016).
In this report, we used Williams 82, a model variety for soybeans, to study how antioxidant
enzymes are involved and what genes and molecular pathways are responsive to drought. It is
important to realize we specifically focused on reproductive stage (R2) and collected leaf tissues
from soybean plants still grown in soil. Our aim is to generate a list of genes and pathways that
can be used to improve soybean drought resistance via either genetic engineering or molecular
breeding.
2.3 Materials and methods
2.3.1 Rhizobia inoculation
Inoculation of soybean (Glycine max L., cv. Williams) rhizobia to facilitate the formation
of nodules in the root system was performed according to the manufacturer’s instructions
(Advanced Biological Marketing, OH, US), where approximately 500 soybean seeds were
dampened with tap water and then mixed with inoculant at a rate of 2.5 ounces per 50 pounds of
seed. Once the seeds were evenly coated with inoculant, they were transferred onto a layer of
plastic film for five minutes, surface-dried prior to germination.
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2.3.2 Growth conditions and treatment
Three soybean seeds were planted in each of the twenty (6 inches wide) pots filled with
similar weight of propagation mix (Sun Gro Horticulture, Agawam, MA) in a chamber. When the
first true leaf emerged from the soybean plants, only one seedling with similar size between pots
was kept in each pot. The settings of the growth chamber are as follows: 28/25 °C for day/night
temperatures; 500 µmol m-2 s-1 light intensity on a 14/10 h light regime. Plants were watered every
day until day 45th (R2 stage) at which time the irrigation was withdrawn from 15 of the 20 pots.
Degree of drought stress was monitored using a Plant Monitor Humidity Hygrometer Sensor
(Flexrake, Temple City, CA) until soil moisture was <20%. Control plants (5 of them) were grown
continuously under well-watered conditions in the same chamber.
2.3.3 Physiological measurements
Water potential was measured on three leaves selected randomly from each of the 20 plants
using a pressure chamber (PMS Instrument Company, OR, US) following the manufacturer’s
instructions. Among the 15 drought stressed soybean plants, three plants with similar reduction on
water potential were chosen to measure net photosynthetic rate, transpiration rate, and stomatal
conductance according to the manufacturer’s instructions (LI-COR, Lincoln, NE). Three of the
five soybean plants grown at well-watered condition were used for similar physiological
measurements. In both control and drought stressed plants, the top three fully expanded leaves
were chosen for these measurements. A leaf at the middle position from each of the plants was
detached and imaged for its temperature using a “Flir-One” system (FLIR, Nashua, NH).
2.3.4 Measurement of antioxidant enzymes
Three replicate samples of antioxidant enzymes from control and drought stressed plants,
respectively, were extracted from approximately 0.5 g of soybean leaves. The leaf tissues were
ground with 4 mL of precooled phosphate buffer solution (pH 7.8) and then the mixture was
centrifuged for 20 min at 4000 g. Total protein content was determined using the Bradford assay
(Bradford, 1976).
Superoxide dismutase (SOD) activity was measured by recording the reduction in the rate of
P-nitro blue tetrazolium chloride (NBT) absorbance at 560 nm (Giannopolitis and Rise, 1977). The
reaction solution contained 1.5 mL of 50 mM phosphate buffer solution, 0.05 mL of the enzyme
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extract, 0.3 mLs of 130 µM methionine solution, 750 µM NBT solution, 100 µM EDTA-Na2
solution, and 20 µM riboflavin solution, respectively, and 0.25 mL of distilled water. The mixture
was illuminated under 60–70 µmol m−2 s−1 for 20 min. Reaction mixture that lacked SOD
developed maximum color through incomplete photoreduction of NBT; a control reaction mixture
was placed in the dark. One unit of SOD activity was defined as the amount of enzyme that caused
50% inhibition in the rate of NBT photoreduction. Peroxidase (POD) activity was measured using
the guaiacol method (Zhang and Kirkham, 1994), where a 0.1-mL aliquot of the supernatant was
added to the reaction mixture, which contained 2.9 mL of 50 mM phosphate buffer (pH 5.5), 1.0
mL of 2% hydrogen peroxide, and 1.0 mL of 50 mM guaiacol. Phosphate buffer without enzyme
was used as control. Absorbance was read every 30 s at a wavelength of 470 nm for 3 min and
POD activity was calculated as unit change per minute. Activity of catalase (CAT) was determined
using a reaction mixture that contained 50 mM phosphate buffer (pH 7.0) and 15 mM H2O2 and
calculated as the decrease in absorbance at 240 nm for 1 min following decomposition of H2O2
(Chance and Maehly, 1955).
2.3.5 RNA extraction and RNA-Seq library construction
An E.Z.N.A plant RNA kit (Omega Bio-Tek Company, Norcross, GA) was used to extract
RNA from soybean leaves, where 500 mg of soybean leaf was collected and ground in liquid
nitrogen following the procedure used in one of our earlier studies (Zhou et al., 2017). Following
total RNA extraction, a cDNA library was constructed following the TruSeq RNA Library Prep
(Illumina Company, San Diego, CA) protocol. A QC analysis was performed before the libraries
were sequenced.
2.3.6 Transcriptomic data analysis
The cDNA libraries were sequenced on a HiSeq2500 (Illumina) sequencing platform using
101 bases, single-end sequencing, and the quality of RNA-Seq data was determined using
FASTQC (v0.10.1) (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were
mapped to the reference genome using TopHat2 (Kim et al., 2013) allowing up to two mismatches.
The assembled transcripts or unigenes are annotated to multiple databases, including COG
(Clusters of Orthologous Groups of proteins), KEGG (Kyoto Encyclopedia of Genes and
Genomes), and GO (Gene Ontology). Gene Ontology (GO) enrichment analysis of the DEGs was
implemented by the topGO R packages based Kolmogorov–Smirnov test. Differentially expressed
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genes (DEGs) were identified based on Cuffdiff normalization of transcript count information to
RPKM (reads per kilobase of exon model per million mapped reads) (Mortazavi et al., 2008) and
with a P value <0.05. The fold change of differentially expressed genes (DEGs) was set as 2.0.
2.3.7 Statistics
To compare the activities for the three antioxidant enzymes and the rates for photosynthesis,
water potential, stomatal conductance, three replicates were used for each of these measurements
and a student-t test and a 5% P value were used for significance calculation. The results are mean
± SE of these independent replicates.

2.4 Results and discussion
2.4.1 Physiological responses
The initial molecular alterations under stress conditions in plants will ultimately lead to reprogramming of multiple physiological processes for adaptations. Therefore, before profiling of
the molecular transcriptomic changes, a number of physiological parameters were measured on
soybean plants that were grown either at well-watered or drought stressed condition to assure that
drought inducible physiological alterations had occurred. Under drought stress conditions, plants
close or partially close their stomata to reduce water loss. The temperature of the leaf is increased
due to the compromised “cooling” effect during the transpiration process. The increased leaf
temperature, as indicated by the yellow color in the thermal image (Fig. 2.1), showed that soybean
plants with restricted irrigation in our experiment were drought stressed. In the well-watered
soybean plants, water potential, stomata conductance, transpiration, and net photosynthesis were 6.13 MPA, 0.25 mol s-2 s-1, 4.86 H2O m-2 s-1, and 14.07 µmol-2 m-2 s-1, respectively, while in the
drought stressed plants, these parameters were lower, at -17.83 MPA, 0.05 mol s-2 s-1, 1.28 H2O
m-2 s-1, and 6.87 µmol-2 m-2 s-1 (Fig. 2.2). The expected reductions on the multiple physiological
parameters collectively indicated the soybean plants analyzed in this study indeed were
experiencing drought stress.
Harmful reactive oxygen species (ROS) are normally produced in plants grown under stress
conditions. One of the mechanisms that plants evolve is to produce anti-oxidant enzymes to
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alleviate the damages. In this study, three representative enzymes, i.e., catalase (CAT), superoxide
dismutase (SOD) and peroxidase (POD), were chosen to detect whether this mechanism is
involved in soybean to cope with drought. Activities of CAT, SOD, and POD in the well-water
plants were 0.014 µmol min-1 mg-1 protein, 0.098 units mg-1 protein and 0.040 mmol min-1 protein,
respectively, whereas those of CAT and SOD were higher in the drought stressed plants (0.021
umol min-1 mg-1 protein and 0.075 units mg-1 protein, respectively) and that of POD remained
unchanged (Fig. 2.3). The increased activities for CAT and SOD indicated that the drought stress
caused by withdrawing water from soil in the soybean plants imposed oxidative stress to the plants.
2.4.2 Transcriptomic analysis
A total of 305.9 Mbp reads (raw reads) were derived from both control and drought stressed
soybean leaves and, following processing and filtering, there were 151.3 Mbp clean reads. Over
50% of reads from each sample was mapped to the assembled transcriptome (Table. 2.1).
Functional analysis annotated 1126, 1867, and 837 unigenes to the COG, GO, and KEGG
databases, respectively (Table. 2.2) and a total of 2738 unigenes were annotated to the combined
databases. A total of 2771 annotated genes with at least 2-fold changes were found to be
differentially expressed in the drought stressed plants in which 1798 genes were up-regulated and
973 were down-regulated (FC>2, P < 0.01). The degree of expression change of these DEGs is
shown in volcano plot (Fig. 2.4).
The 1867 DEGs assigned to the GO classification fall into 3 broad categories comprising
biological process, cellular component and molecular function (Fig. 2.5). In the drought stressed
plants, “cellular process”, “metabolic process”, and “single-organism process” were the most
responsive groups in the biological process category; “cell part” and “cell” were the most
responsive groups in the cellular component category; and, “binding” and “catalytic activity” were
the most responsive groups in the molecular function category (Fig. 2.5). To understand the
functionalities of these genes from the perspective of phylogenetic classification of proteins, COG
analysis assigned 1126 genes into 26 COG functional categories and the most enriched groups,
with cutoff of FC>2, were “general function prediction” (395 DEGs), followed by “transcription”
(253 DEGs), “replication, recombination and repair” (206 DEGs), and “signal transduction
mechanisms” (265 DEGs) (Fig. 2.6). To understand which group of genes work synergistically to
confer a specific pathway, KEGG analysis was conducted. In total, 837 DEGs were assigned to

32
109 pathways (Supplemental Table 2.1). Here a few representative pathways or group of genes
were used to manifest how molecular responses are involved in soybean to deal with drought stress.
2.4.2.1 ABA biosynthesis
ABA is a phytohormone that is critical for plant growth and development (Tuteja et al., 2007).
It plays an important role in integrating signaling and control of downstream responses to various
stresses, including drought (Verma et al., 2016). In this study, we have found that the expression
levels of three genes, zeaxanthin epoxidase (ZEP), 9-cis-epoxycarotenoid dioxygenase (NCED),
and ABA2, that are responsible for ABA synthesis were upregulated in the drought stressed plants
(Fig. 7), where levels were 4.41, 5.61, and 3.51-fold higher.
Increasing the synthesis of ABA in Arabidopsis, rice (O. sativa), and wheat (T. aestivum) has
been shown to improve drought tolerance in these plants (Basu and Rabara, 2017; Kuromori et al.,
2016). Since multiple genes are involved in ABA synthesis, the identification of the three genes in
our study indicated that in soybean these genes may play more important roles than others of which
the expression levels were not changed in this pathway. Therefore, these genes are more promising
to be used as targets for genetic engineering or molecular breeding to improve drought tolerance
in soybean. In addition to the function associated with ABA synthesis, the gene ZEP, which was
expressed more in the drought stressed soybean plants (Fig. 2.7), is also involved in the synthesis
of violaxanthin, a type of xanthophyll pigment that plays a role in photoprotection (Schwarz et al.,
2014). It is known that under drought conditions, free radicals may be produced in the
photosynthetic apparatus such as photosystem II (Nigoyi et al., 1998; Pogson et al., 1998). The
increased expression of ZEP indicated a reduction of the generation of free radicals in the
photosystem may be another strategy used by soybean plants to cope with drought.
2.4.2.2 Raffinose family of oligosaccharides (RFOs)
Raffinose family of oligosaccharides (RFOs), i.e., raffinose and stachyose, are a group of
D -galactose

containing oligosaccharides in higher plants. The accumulation of RFOs in seeds is

known to increase at seed maturation, suggesting RFOs may confer desiccation tolerance to seeds
(Karner et al., 2004). In addition to their involvement in seed development, it has been suggested
that RFOs may play roles in other tissues under stress conditions. For example, it has been shown
that content of both galactinol and raffinose increased in response to abiotic stress in Arabidopsis
and Ajuga reptans (Liu et al., 1998; Sprenger and Keller, 2000). Galactinol synthase (GolS) is the
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key enzyme that catalyzes the synthesis of galactinol from myo-inositol and galactose. Galactinol
is the precursor for the downstream synthesis of raffinose and stachyose and it has been shown
that increased level of expression of Arabidopsis GolS in rice (O. sativa) led to improved drought
tolerance in transgenic plants (Selvaraj et al., 2017). In addition to GolS, two other enzymes
involved in the synthesis of RFOs are Raffinose synthase (RS), which synthesizes raffinose from
galactinol and sucrose, and stachyose synthase (SS), which synthesizes stachyose from raffinose
and galactinol. Gene expression levels of all three enzymes were upregulated by 8.46, 4.30, and
2.04 in the drought stressed soybean plants (Fig. 2.8). This indicated that the accumulation of
RFOs via the activation of biosynthesis associated genes on the pathway is important in soybean
to cope with drought stress.
In addition to these genes that are directly involved in RFOs synthesis, the expression of
invertase (INV), a gene related to carbon metabolism, was also increased by 4.96-fold in the
drought stressed plants (Fig. 2.8). In plants, INV catalyzes the hydrolysis of raffinose and
stachyose to mannitriose and melibiose. Mannitriose protects the cell membrane (Gilbert, 2010)
and is used as a precursor for ABA synthesis and melibiose is used in the synthesis of ascorbic
acid that scavenges for ROS generated during stress conditions (Afzal et al., 2015). The induced
expression of these genes association with carbon metabolism in the drought stressed soybean
plants demonstrated the importance of the synthesis of protective carbon molecules and hormonal
compounds derived from the central carbon metabolism pool.
2.4.2.3 Isoflavonoid biosynthesis
Isoflavonoids are biologically active natural products that accumulate in plants during stress
conditions. Levels of expression of phenylalanine ammonia-lyase, chalcone synthase, and
polyketide reductase were 1.05, 2.02, and 1.83-fold higher in the drought stressed plants,
respectively, while expression of flavonoid 3’ monooxygenase was lower (Fig. 2.9).
Timely removal of ROS is important in stress tolerance (Dinakar et al., 2010). A number of
results from our study showed that this is a major mechanism used by soybean plants in drought
conditions. Firstly, antioxidant enzyme, i.e., CAT, and SOD, activities were increased (Fig. 2.3);
secondly, the expression of gene responsible for ascorbic acid synthesis precursor, melibiose, is
increased (Fig. 8); thirdly, the expressions of five genes on the pathway for isoflavonoids, i.e.,
glycitein, daidein, and genistein, synthesis were altered (Fig. 2.9). These various responses
collectively indicated that under drought stress condition, oxidative stress is one of the major
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negative effects caused to the soybean plants and soybean plants used various strategies to lower
the concentration of the harmful ROS. Different from the beneficial effects deriving from the
manipulation of RFO synthesis genes, there was no reports on the manipulation of isoflavonoids
biosynthesis gene expression for drought improvement in crops. It remains interesting to see
whether a sole manipulation of genes involved in isoflavonoids synthesis or simultaneous
alterations of a few pathways associated with ROS removal will lead to the improved resistance
ability to drought in soybean plants.
2.4.2.4 Pentatricopeptide repeat-containing protein (PPR)
The expression levels of a total of 5 members of the Pentatricopeptide repeat-containing
protein (PPR) gene family were found to be altered (Table 2.3). Members of the PPR gene family
is characterized by the harboring of 9 to 15 arrays of 35 amino acid long pentatricopeptide repeats
(Rivals et al., 2006). In addition to its regulation on RNA metabolism, such as RNA splicing,
editing, and translation, recent research evidence showed that genes in this family are also involved
in electron transport, reactive oxygen species generation and abiotic stress resistance. For example,
in Arabidopsis, a PPR mutant plant, in which the expression of this gene was reduced, is more
sensitive to oxidative stress (Zsigmond et al., 2008). The mutant plants displayed faster bleaching
and chlorophyll degradation when planted on media containing hydrogen peroxide. Different from
the protective roles of antioxidant enzymes in which the roles of these proteins were to remove
overaccumulated ROS under stress, the main function of PPR was to inhibit the synthesis of ROS
(Zsigmond et al., 2008). The increased expression of four PPR genes in response to drought
indicated that inhibiting the generation of ROS under drought is another mechanism that the
soybean plants used to deal with oxidative stress in addition to the removal of ROS via the elevated
antioxidant enzymes (Fig. 2.3).
2.4.2.5 Fatty acid desaturase
In plants, the integrity and function of the cell membrane is related to the structure and
fluidity of lipid composition and degree of fatty acid desaturation (Meï, 2015). In this study, the
expression levels of eight fatty acid desaturase genes were unanimously downregulated (Table.
2.4). Multiple studies have shown that under stress conditions, e.g., drought, heat, and salt, the
activities of desaturase enzymes can be changed to alter the composition of fatty acids. For
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example, in cereal plants, the increased desaturation and membrane fluidity are found to be
positively related to freezing tolerance (Uemura, 1994). However, controversial results were found
in different species between the extent of fatty acid desaturation and drought tolerance. In rape
(Brassica napus) leaves, the desaturation of fatty acids was reduced in response to drought
(Benhassaine- Kesri, et al.2002); similar phenomena was also observed in cotton (Gossypium
hirsutum) which the biosynthesis of polyunsaturated fatty acid and desaturase activities were
inhibited under drought condition (Pham Thi, 1985). On the contrary, in young coconut (Cocos
nucifera) plants, the desaturations of fatty acids were increased in response to drought (Repellin,
1997). The unanimous downregulation of eight desaturase genes strongly suggested that the
responses in soybean are more similar with rape and cereal plants. Future explorations involved in
overexpressing or downregulating these genes in soybean will shed more light on the specific roles
of these genes for drought tolerance.
2.4.2.6 Transcription factors
Transcription factors play important roles regulating the expression of a group of downstream
genes associated with a specific physiological process and phenotype. In this study, various
drought-responsive transcription factors were found to be differentially expressed in the soybean
leaves, where 16 of the representative transcription factors (Table. 2.5) were categorized to
different families, such as WRKY, NAC, HSF, and MYB, based on their molecular functions. It is
interesting to note that different members belonging to the same family tended to show similar
expression patterns, except in MYB, where expression of MYB 48 was induced in the drought
stressed plants in contrast to the other members that had lower levels of expression.
Previous reports have demonstrated that WRKY transcription factors participate in water
deficit stress responses (He et al., 2016; Wu et al., 2017); AtWRKY2 can work as transcriptional
regulator of ABA-responsive element binding factors (ABFs/AREBs) via controlling the W-box,
ABFs/AREBs promoter (Golldack et al., 2014). AtWRKY15 has been shown to participate in
Arabidopsis drought stress response via mitochondria-to-nucleus signaling (Vanderauwera et
al., 2012). In this study, expression levels of four members of the WRKY family (WRKY55,
WRKY50, WRKY15, and WRKY2) were induced in the drought treatment. MYB is another group of
transcription factors identified from the soybean plants. Members in this gene family have been
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found to be involved in several types of plant physiological regulations, such as stomatal
movement, flower control, and wax synthesis (Baldoni et al., 2015). AtMYB60 was found to be
specifically expressed in guard cells and its expression in Arabidopsis is repressed by the
accumulation of ABA in response to drought. Previous work has shown that transgenic plants with
lowered expression of AtMYB60 showed a 30% reduction in the aperture size of stomatal pores, a
decrease in water loss and an increase in drought tolerance (Baldoni et al., 2015). As a member of
the MYB family, AtMYB21 in Arabidopsis plays an important role in different pathways, such as
GA, SA, and ABA, in drought stress responses. After knocking out AtMYB21, Arabidopsis plants
showed a delay in the recovery of filament elongation under drought stress (Mandaokar et al.,
2006). In crop species, only one member of the MYB family has been found to be associated with
drought: in apple (Pyrus malus), expression of MDSIMYB1 is up-regulated under a series of
stressors and its ectopic expression in Nicotiana benthamiana led to increased resistance to drought,
cold, and salt (Wang et al., 2014). The reduced expression of MYB/HD, MYB118, and MYB139
and the induced expression of MYB48 in the drought stressed soybean plants indicate the active
participation of this gene family in this crop species under drought conditions and further research
should explore whether expression levels of these transcription factors may be manipulated to
improve drought stress tolerance in soybean (Bian et al., 2017; Wang et al., 2017). The up- and
down-regulation of multiple transcription factors in soybean to drought indicated that the control
of upstream regulatory genes is a major mechanism used by this plant to cope with drought. Since
each transcription factor can regulate a suite of downstream responsive genes, the manipulation of
some of the identified transcription factors may lead to the improved drought resistance in soybean
plants.
2.5 Conclusion
Traditional physiological parameters such as photosynthesis rate, stomata conductance and
water potential are good indicators for monitoring the water deficit status in soybean plants. RNA
Seq profiling is an efficient molecular method to identify responsive genes. A combination of
informatics tools, e.g., COG, GO, and KEGG, can help understand the molecular responses from
a more global perspective. Similar to the responses in most other plant species, a number of
pathways, e.g., plant hormonal biosynthesis, compatible compounds accumulation, ROS
biosynthesis and removal, and fatty acids desaturations, are involved in the adaptation of soybean
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plants to drought condition. Some of the most enriched pathways and the identified genes
associated with them will be promising candidates that can be manipulated for drought resistance
in soybean.
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Table 2.1. Classification of total transcript produced in soybean leaves under control (CK)
and drought (D) stress.
ID

Total

Mapped

Ratio(Mapped/Total)

%>Q30

Reads

Reads

CK 1

45,678,752

22,570,070

49.41%

85.96%

CK 2

51,356,306

25,504,947

49.66%

91.26%

CK 3

55,325,370

27,435,610

49.59%

92.06%

D1

54,130,694

26,896,050

49.69%

92.68%

D2

56,350,378

27,993,320

49.68%

90.99%

D3

43,144,466

20,943,124

48.54%

90.90%
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Table 2.2. Drought stress responsive DEGs annotated to different databases.
DEG set

Total

COG

GO

KEGG

CK vs D

2738

1126

1867

837
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Table 2.3. Number of up-regulated and down-regulated genes in response to
drought
DEG set

All DEG

Up-regulated

CK vs D

2771

1798

Down-regulated
973

Differentially expressed genes (DEGs) were identified using Cuffdiff following
normalization of transcript count information to RPKM (reads per kilobase of
exon model per million mapped reads) and genes with a P value <0.05 were
considered to be differentially expressed. The fold change of differentially
expressed genes (DEGs) was set as 2.0.
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Table 2.4. DEG-enriched pathways under drought condition.
Pathway

Pathway
ID

DEGs

Gene
mapped to
KEGG
database

Sesquiterpenoid and triterpenoid
biosynthesis
Selenocompound metabolism
Carotenoid biosynthesis
Biosynthesis of unsaturated fatty acids
Stilbenoid, diarylheptanoid and
gingerol biosynthesis
Flavone and flavonol biosynthesis
ABC transporters
Limonene and pinene degradation
Isoflavonoid biosynthesis
Galactose metabolism
Sulfur metabolism
Ether lipid metabolism
Synthesis and degradation of ketone
bodies
Nitrogen metabolism
Diterpenoid biosynthesis
Zeatin biosynthesis
Pentose phosphate pathway
Regulation of autophagy
Butanoate metabolism
Flavonoid biosynthesis
Folate biosynthesis
Monoterpenoid biosynthesis
C5-Branched dibasic acid metabolism
Glycine, serine and threonine
metabolism
Amino sugar and nucleotide sugar
metabolism
Inositol phosphate metabolism
Plant-pathogen interaction
Starch and sucrose metabolism
Ascorbate and aldarate metabolism
Thiamine metabolism
Phosphatidylinositol signaling system
Glycerolipid metabolism
Arachidonic acid metabolism
Terpenoid backbone biosynthesis
alpha-Linolenic acid metabolism

ko00909

6

28

Percentage
of DEGs in
this
pathway
(%)
21.43

ko00450
ko00906
ko01040
ko00945

6
11
10
8

36
71
65
54

16.67
15.49
15.38
14.81

ko00944
ko02010
ko00903
ko00943
ko00052
ko00920
ko00565
ko00072

2
7
3
3
18
9
8
2

15
53
23
23
138
70
63
16

13.33
13.21
13.04
13.04
13.04
12.86
12.70
12.50

ko00910
ko00904
ko00908
ko00030
ko04140
ko00650
ko00941
ko00790
ko00902
ko00660
ko00260

9
6
5
13
8
5
11
4
2
2
14

76
52
45
118
75
47
107
40
20
20
141

11.84
11.54
11.11
11.02
10.67
10.64
10.28
10.00
10.00
10.00
9.93

ko00520

27

276

9.78

ko00562
ko04626
ko00500
ko00053
ko00730
ko04070
ko00561
ko00590
ko00900
ko00592

12
39
44
8
3
11
12
3
9
10

125
414
475
87
35
130
142
36
108
121

9.60
9.42
9.26
9.20
8.57
8.46
8.45
8.33
8.33
8.26
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Table 2.4 continued
Circadian rhythm – plant
Plant hormone signal transduction
Porphyrin and chlorophyll metabolism
Brassinosteroid biosynthesis
Glycolysis / Gluconeogenesis
Glycerophospholipid metabolism
Lysine degradation
Fatty acid metabolism
Alanine, aspartate and glutamate
metabolism
Histidine metabolism
Steroid biosynthesis
Fructose and mannose metabolism
Isoquinoline alkaloid biosynthesis
Fatty acid degradation
Glutathione metabolism
One carbon pool by folate
Lysine biosynthesis
Cyanoamino acid metabolism
Linoleic acid metabolism
beta-Alanine metabolism
Nicotinate and nicotinamide
metabolism
Biosynthesis of amino acids
Cysteine and methionine metabolism
Degradation of aromatic compounds
Carbon fixation in photosynthetic
organisms
Protein processing in endoplasmic
reticulum
Valine, leucine and isoleucine
biosynthesis
Tryptophan metabolism
Cutin, suberine and wax biosynthesis
Tyrosine metabolism
Biotin metabolism
Phenylpropanoid biosynthesis
Carbon metabolism
Valine, leucine and isoleucine
degradation
Peroxisome
Tropane, piperidine and pyridine
alkaloid biosynthesis
Other glycan degradation
Pyruvate metabolism

ko04712
ko04075
ko00860
ko00905
ko00010
ko00564
ko00310
ko01212
ko00250

9
62
7
2
22
15
5
12
9

111
769
89
26
288
197
66
159
121

8.11
8.06
7.87
7.69
7.64
7.61
7.58
7.55
7.44

ko00340
ko00100
ko00051
ko00950
ko00071
ko00480
ko00670
ko00300
ko00460
ko00591
ko00410
ko00760

4
7
9
3
8
14
3
2
8
4
7
3

55
97
126
42
113
199
43
29
118
59
104
45

7.27
7.22
7.14
7.14
7.08
7.04
6.98
6.90
6.78
6.78
6.73
6.67

ko01230
ko00270
ko01220
ko00710

35
13
2
10

529
199
31
156

6.62
6.53
6.45
6.41

ko04141

29

456

6.36

ko00290

3

50

6.00

ko00380
ko00073
ko00350
ko00780
ko00940
ko01200
ko00280

4
3
5
2
22
28
5

67
51
90
36
406
526
94

5.97
5.88
5.56
5.56
5.42
5.32
5.32

ko04146
ko00960

9
3

176
59

5.11
5.08

ko00511
ko00620

2
10

40
212

5.00
4.72
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Table 2.4 continued
Arginine and proline metabolism
Riboflavin metabolism
Pantothenate and CoA biosynthesis
Glycosphingolipid biosynthesis globo series
Fatty acid biosynthesis
Phagosome
Ubiquinone and other terpenoidquinone biosynthesis
N-Glycan biosynthesis
2-Oxocarboxylic acid metabolism
Phenylalanine metabolism
Glyoxylate and dicarboxylate
metabolism
Sphingolipid metabolism
Taurine and hypotaurine metabolism
Endocytosis
Glycosaminoglycan degradation
Pentose and glucuronate
interconversions
Ubiquitin mediated proteolysis
Base excision repair
Purine metabolism
Oxidative phosphorylation
Phenylalanine, tyrosine and
tryptophan biosynthesis
SNARE interactions in vesicular
transport
Pyrimidine metabolism
Fatty acid elongation
Citrate cycle (TCA cycle)
mRNA surveillance pathway
Nucleotide excision repair
RNA transport
RNA degradation
Mismatch repair
Photosynthesis
Homologous recombination
DNA replication
Spliceosome
Ribosome biogenesis in eukaryotes
Ribosome

ko00330
ko00740
ko00770
ko00603

9
1
3
1

191
23
69
23

4.71
4.35
4.35
4.35

ko00061
ko04145
ko00130

4
7
3

92
185
85

4.35
3.78
3.53

ko00510
ko01210
ko00360
ko00630

3
4
9
4

89
121
276
124

3.37
3.31
3.26
3.23

ko00600
ko00430
ko04144
ko00531
ko00040

2
1
9
1
6

62
34
311
35
213

3.23
2.94
2.89
2.86
2.82

ko04120
ko03410
ko00230
ko00190
ko00400

7
2
8
6
2

256
85
347
275
96

2.73
2.35
2.31
2.18
2.08

ko04130

2

97

2.06

ko00240
ko00062
ko00020
ko03015
ko03420
ko03013
ko03018
ko03430
ko00195
ko03440
ko03030
ko03040
ko03008
ko03010

5
1
2
4
2
3
2
1
1
1
1
2
1
1

270
54
109
245
184
326
232
126
140
140
157
356
199
652

1.85
1.85
1.83
1.63
1.09
0.92
0.86
0.79
0.71
0.71
0.64
0.56
0.50
0.15
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Table 2.5. Putative transcription factor genes regulated by drought stress in soybean.
Gene ID

Annotation

TF

Log2 FC

family
Glyma.11G053100.Wm82.a2.v1

probable WRKY transcription factor 15

WRKY

2.075284948

Glyma.04G115500.Wm82.a2.v1

probable WRKY transcription factor 2

WRKY

1.142197749

Glyma.17G224800.Wm82.a2.v1

probable WRKY transcription factor 50

WRKY

3.760399049

Glyma.04G223200.Wm82.a2.v1

WRKY transcription factor 55-like

WRKY

3.373502111

Glyma.18G181300.Wm82.a2.v1

MYB/HD-like transcription factor

MYB

-2.067522504

Glyma.10G048500.Wm82.a2.v1

MYB transcription factor MYB118

MYB

-1.503257945

Glyma.13G333200.Wm82.a2.v1

MYB transcription factor MYB139

MYB

-1.062353615

Glyma.06G003800.Wm82.a2.v1

MYB transcription factor MYB48

MYB

1.270623808

Glyma.01G217400.Wm82.a2.v1

heat stress transcription factor Hsf-03

HSF

2.173402416

Glyma.13G225700.Wm82.a2.v1

heat stress transcription factor Hsf-29

HSF

1.091803937

Glyma.10G237800.Wm82.a2.v1

heat stress transcription factor Hsf-19

HSF

1.796475906

Glyma.09G190600.Wm82.a2.v1

heat stress transcription factor Hsf-16

HSF

3.12940974

Glyma.06G154400.Wm82.a2.v1

NAC transcription factor 25-like

NAC

6.234438976

Glyma.12G149100.Wm82.a2.v1

NAC domain-containing protein 72

NAC

5.249867473

Glyma.16G151500.Wm82.a2.v1

NAC transcription factor 29

NAC

2.143035638

Glyma.12G221500.Wm82.a2.v1

NAC domain protein NAC4

NAC

6.066632586
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Figure 2.1. Leaf temperature of plants subjected to control (CK)
and drought (D) stress.
The leaf temperature was measured using a “Flir-One” thermal
imaging system (Flir, Nashua, NH).
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Figure 2.2. Measurement of physiological parameters in plants subject to control (CK)
and drought (D) stress conditions.
A student-t test and a 5% P value were used for significance calculation. a and b
above the columns for CK and D indicated the measurements were statistically
different. Bar represents SE. For each of the measurements, three replicates were used.
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Figure 2.3. Antioxidant enzyme activities in plants subject to
control (CK) and drought (D) stress conditions.
A student-T test and a 5% P value were used for significance
calculation. a and b above the columns for CK and D
indicated the measurements were statistically different. Bar
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represents SE. For each of the measurements, three replicates
were used.

Figure 2.4. The degree of expression change for drought stress
responsive DEGs shown in a volcano plot.
X-axis represents fold change; Y-axis represents significance. Each
dot represents a DEG.
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Figure 2.5. Ontology classification of DEGs in the drought-stressed soybean.

54

Figure 2.6. COG functional distribution of the DEGs in response to drought
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Figure 2.7. KEGG categories of DEGs in response to drought stress.
The vertical axis lists the names of the all DEGs in metabolic pathways in the KEGG
database, and the horizontal axis shows the proportion of annotated genes in each
pathway divided by the total number of annotated genes.
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Figure 2.8. A schematic pathway for ABA biosynthesis.
The upregulated genes are marked in red. Reproduced with permission from
Kanehisa Laboratories.
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Figure 2.9. A schematic pathway for “RFO metabolism” under drought stress condition.
The upregulated genes are marked in red. Reproduced with permission from Kanehisa
Laboratories.
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Figure 2.10. A schematic pathway for “Isoflavonoid biosynthesis” under drought stress
condition.
The downregulated genes involved in “Carotenoid biosynthesis” are marked in green; the
upregulated genes are marked in red. Reproduced with permission from Kanehisa
Laboratories.
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PHYSIOLOGICAL AND MOLECULAR RESPONSES OF
SOYBEAN TO HEAT STRESS

3.1

Abstract

Heat is one of the major adverse environmental stresses to many crop plants including soybean.
Compared to drought, relatively less studies have been conducted in plants grown under high
temperature. Until now, there has been no reports associated with the transcriptomic responses in
soybean grown at heat condition. Understanding this process will not only be important in basic
plant physiology, but the knowledge gained will also be useful in the implementation of strategies
to breed more heat tolerant soybean. In this study, physiological measurements and RNA-Seq
analysis were used to dissect the metabolic alterations and molecular responses in the leaves of
soybean grown at heat condition. Photosynthesis rate, stomata conductance, transpiration and
water potential were slightly reduced. The activities of three measured antioxidant enzymes, i.e.,
SOD, CAT, and POD, were not changed. A total of 633 annotated genes were found to be
differentially expressed in heat stressed plants in which the expression of 417 genes were upregulated and 216 were down-regulated. Most of the identified genes could not be assigned to the
known KEGG pathways, indicating the lack of studies in heat stress physiology and the limitation
of the informatics database/software. By manually mining the data, we found some of the most
dramatic responses are related to flowering, oxidative stress, protein and mRNA folding and
degradation, and protective compounds synthesis are some of the major mechanisms that soybean
plants use to respond to heat. The multiple members of the PPR gene family induced indicated
that inhibition of the reactive oxygen species biogenesis is one of the major mechanisms that
soybean uses to cope with heat.

3.2

Introduction

Heat stress is one of the severe challenge for the world food security (Hall et al., 2001). The
increased emission of greenhouse gas, i.e. carbon dioxide, methane, nitrous oxides, production is
considered as the major reason for the heat stress in the future (Wahid et al., 2007). It was shown
that the average global temperature rise was between 0.15-0.3 °C per decade (IPCC, Projections
of Future Changes in Climate).
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High temperature can reduce growth rate and biomass accumulation in plants (Hatfield et al.,
2015; Lafta et al., 1995). This negative effect can be attributed to alterations at the morphological,
anatomical, and physiological levels. For example, in sugar cane (Saccharum officinarum),
shortened internodes, early senescence and more but smaller tillers were observed to be associated
with heat (Omae et al., 2012). In addition, reduced cell size, closure of stomata and presumably
lowered photosynthesis were also found to occur in sugar cane in response to heat (Banon et al.
2004). Heat stress can harm plants at all stages. Under extreme circumstances, it can lead to plant
death due to the irreversible damage to cellular components, increased respiration and synthesis of
reactive oxygen species, disruption of cell membranes, destruction of structure and functions of
proteins and interference of important metabolic pathways (Bohnert et al., 2006; Vinocur and
Altman 2005).
Since plants are sessile organisms and therefore they need to develop various physiological
and molecular mechanisms to assist them for the adaptation to elevated atmospheric temperature.
Plants might adopt avoidance mechanism to cope with heat stress which includes improvement of
cooling via elevated transpiration, alteration of leaf angle, optimization of cell membrane lipid
composite, and stronger rooting (Bonos and Murphy, 1999). Even plants develop mechanisms to
help them avoid the negative effect under heat, high temperature nevertheless can exceed the
ability of the avoidance ability in plants under many circumstances. A second mechanism that
plants develop is to adjust their physiological metabolisms so they can tolerate the adverse effect.
This includes increased content of compatible compounds, activated free radical scavengers,
increased abundance of chaperon proteins, ion transporters, late embryogenesis abundant (LEA)
proteins and accelerated transcription of transcription factors encoding heat shock proteins (Wahid
et al. 2007). A third mechanism that some plants develop is the escape strategy with which some
plants fulfill their life cycle faster with a comprised yield (Adams et al. 2001).
The elevated temperature can induce alterations in physiological, morphological, and
biochemical levels via changing expression levels of multiple genes and pathways. Transcriptomic
analysis of soybean under heat stress provides information in deeper level about what kind of
mechanism plants would use to adapt themselves to this stress. The dissection of this process will
not only elucidate the basic physiological mechanisms associated with this stress, but it also
provides targets for either genetic engineering or molecular breeding for crop improvement. The
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recent advancement of genomic tools such as RNA-Seq greatly accelerate the understanding of the
molecular responses at the whole genome level. In addition, the development of a few informatics
database such as GO, COG, and KEGG allow the identification of the most enriched pathways in
response to stress conditions. Although the molecular responses in various plant species grown
under high temperatures had been studied, there is no analysis on how soybean re-programs its
gene expression patterns and molecular pathways in response to heat. Our aim of this study is to
use a high-throughput RNA-Seq profiling technique to study the molecular mechanisms in
soybean in response to heat. The identified genes and/or pathways may provide specific targets for
future genetic engineering or molecular breeding research.

3.3
3.3.1

Material and methods
Rhizobia Inoculation

Williams 82 soybean (Glycine max L. cv. Williams) has a sequenced genome and was used
in this study. The rhizobia were inoculated on the soybean seeds to improve nodule formation
following the instruction provided by the manufacturer (Advanced Biological Marketing, OH, US).
In brief, approximately 300 soybean seeds were first dampened with tap water and kept in a
container. The seeds were then mixed with the rhizobia inoculant at the rate of 2.5 ounces per 50
pounds of seeds. When the surface of soybean seeds coated with the bacteria inoculant was dried,
three seeds were planted in pots filled with propagation mix (Sun Gro® Horticulture, Agawam,
MA) and in total twenty pots were prepared.
3.3.1.1 Growth Condition and Heat Stress treatment
When the soybean seeds were germinated, only one seedling was kept in each pot. These plants
were continuously grown in a growth chamber with the day/night temperature at 26 /23 °C and
light intensity at approximately 400-500 µmol m-2 s-1 on a 12 h:12 h light regime. Heat stress
treatment was initiated at approximately 50th days (R2 stage) by moving half of the plants into
another chamber with similar settings as the one for their initial growth except a higher temperature
setting (38 °C /34 °C; day/night). The duration of heat treatment on soybean was 8 hours.
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3.3.1.2 Physiological Measurements
Eight hours after the plants were treated with the high temperature, a Li-Cor 6400 (LI-COR,
Lincoln, NE) photosynthesis apparatus was used to measure net photosynthetic rate, transpiration,
and stomatal conductance on the top three fully expanded leaves according to the instruction from
the manufacturer. The temperatures on detached leaves were measured with a “Flir-One” system
(FLIR, Nashua, NH). Water potential was measured using a pressure chamber (PMS Instrument
Company, OR, US) on three leaves localized on top, middle or bottom part of the plant. The
experimental procedure was according to the method used in a previous study (Rizhsky et al., 2002,
2004).
3.3.1.3 Antioxidant Enzyme Activity Measurement
The top three fully expanded leaves used for the photosynthesis measurements were frozen in
liquid nitrogen immediately after the measurements were finished. These leaves were stored in 80°C freezer until the analysis of antioxidant enzymes, cDNA synthesis and preparation of RNASeq libraries were conducted. The activities of three antioxidant enzymes, i.e., POD, CAT, and
SOD, were measured. The detailed procedures were described in the Materials and Methods part
in Chapter 2. Three replicates were used for either control or heat stressed soybean plants. The
total protein content was determined using Bradford’s method (Bradford et al., 1976).
3.3.1.4 RNA extraction and RNA-Seq library construction
We collected three top leaves from each of the control or heat stressed soybean plants and then
pooled them as one sample, with 3 replicates. Each sample contains 100g of leaf tissue and
grounded in -80oC liquid nitrogen. Total RNA was extracted by E.Z.N.A plant RNA kit (Omega
Bio-Tek Company, Norcross, GA). Extracted total RNA were measured by NanoDrop
spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE) to check the quality and
quantity of RNA. Reverse transcriptions were conducted on these RNAs and six libraries were
constructed from these cDNAs following the instruction from the manufacture (Illumina Company,
San Diego, CA). A QC was conducted on these samples before RNA Seq was performed on a
HiSeqT
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3.3.1.5 Transcriptomic Data Analysis
The cDNA libraries were sequenced on a HiSeq2500 (Illumina) sequencing platform using
101 bases, single-end sequencing, and the quality of RNA-Seq data was determined using
FASTQC (v0.10.1) (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), which was
followed by mapping the reads to reference genome by TopHat2 (Kim et al., 2013), with up to two
mismatches. Differentially expressed genes (DEGs) were identified using Cuffdiff following
normalization of transcript count information to RPKM (reads per kilobase of exon model per
million mapped reads) (Mortazavi et al., 2008) and genes with a P-value <0.05 with fold change2 cutoff were considered to be differentially expressed.
3.3.1.6 Statistical analyses
To compare the activities for all three antioxidant enzymes and the rates for photosynthesis,
water potential, stomatal conductance, three replicates were used for each of these measurements
and a student-t test and a 5% P value were used for significance calculation. The results are mean
± SE of these independent replicates.

3.4

Results and Discussions

When plants are exposed to elevated temperature, various responses, ranging from molecular,
biochemical metabolism to ecosystem level that involve multiple genes and pathways, are
triggered (Chaves et al., 2003; Hasanuzzaman et al., 2013; Rejeb et al., 2014). In this study, RNASeq profiling and physiological measurements were conducted on the leaves of soybean subjected
to heat stress or regular temperature growth condition.
3.4.1

Physiological analysis

The initial molecular alterations under stress conditions in a plant will ultimately lead to reprogramming of multiple physiological processes for adaptations. Therefore, before profiling of
the molecular transcriptomic changes, a number of physiological parameters were measured on
soybean plants that were grown either at control or heat stressed condition. It is interesting to notice
that although the temperature of leaves on well-watered soybean plants grown at 38°C was higher
than the temperature of leaves on well-watered soybean plants grown at normal temperature, the
leaf temperature of well-watered, high temperature grown soybean plants was still much lower
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than that in the drought stressed plants grown at normal temperature (Figure 2.1). This indicated
that the soybean plants grown under heat condition were actively undergoing transpiration to cool
the leaves. Compared to the well-watered plants, the photosynthesis in the heat stressed plants was
reduced by 15%. This slightly lowered photosynthesis may be caused by the mild damage on the
photosynthetic apparatus in the soybean plants grown under high temperature. Previous studies
have shown that under high temperature certain photosynthesis related proteins can be denatured
(Dutta et al., 2009; Li et al., 2002). The compromised transpiration, stomata conductance and water
potential further showed that these soybean plants were experiencing heat stress and were not
functional as efficiently as the plants grown at normal condition.
Reactive oxygen species (ROS) are signaling molecules in plants. However, high concentration
of ROS has negative effect to the metabolism and cell structure in plants (Tripathy et al., 2012).
Therefore, plants have evolved mechanisms to accurately control equilibrium of ROS in plant cells
(You et al., 2015). The un-changed antioxidant enzymes measured in this study indicated either
the oxidative stress in heat stressed soybean was not severe or other un-measured antioxidant
enzymes or compounds were involved in removing the ROS.

3.5

Transcriptome sequencing analysis
3.5.1

Reads generation

A total of 334.7 Mbp reads (raw reads) derived from leaves collected from both control and
heat stressed soybean were generated from the Illumina Hi-Seq 2500 platform. After processing
and filtering of raw reads, a total of 161.3 Mbp (clean reads) were obtained. Over 50% of reads
from each sample could be mapped to the assembled transcriptome (Table 3.1). Single reads from
the sequencing were analyzed and all the clean reads were compared to the genome sequence by
the TopHat2 system. For functional annotation analysis, we used COG, GO and KEGG database
with BLASTX method, and obtained 247, 442 and 227 respectively, unigenes that were annotated
to these databases (Table 3.2). A total of 623 unigenes were annotated to all the databases
combined.
To increase the probability of authentic gene identification, only genes with at least 2-fold
changes (FC) were selected for further investigation. A total of 633 annotated genes were found
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to be differentially expressed in heat stressed plants in which the expression of 417 genes were upregulated and 216 were down-regulated (FC>2, P-Value<0.05) (Table 3.3). The degree of
expression change of these DEGs is shown in volcano plot (Fig. 3.3).
3.5.2

GO and COG enrichment analysis

To get an overview of the functional classification of the assembled unigenes derived from the
heat-stressed soybean leaves, GO analysis was performed. A total of 422 DEGs were assigned
with the GO classification by KOBAS2.0 and HMMER into 3 broad categories: the biological
process, cellular component and molecular function. Under heat stress, “cellular process”,
“metabolic process” and “single-organism process” are the highest responsive groups in the
biological process category; “cell part” and “cell” groups are the highest groups in the cellular
component category; “binding” and “catalytic activity” are the highest groups in the molecular
function category (Fig. 3.4). To understand the functionalities of these genes from the perspective
of phylogenetic classification of proteins, COG analysis was performed and 247 genes were
assigned into 26 COG functional categories. The most enriched groups were “General function
prediction” followed by “carbohydrate transport and metabolism”, “transcription, posttranslational
modification”, and “chaperones” (Figure 3.5).
3.5.3 Gene classification
Similar to what we conducted on genes identified from drought stressed soybean plants, a
KEGG pathway enrichment analysis was initially conducted to identify enriched pathways in
soybean grown under heat stressed condition. To our surprise, only 142 out of 633 DEGs could be
recognized by the software and they were assigned to 78 pathways. The limited number of genes
on most of these pathways hindered an insightful elucidation of the altered physiological pathways.
This may be partially caused by the relatively limited studies on heat stress responses in plants.
Another reason might be due to the stringency of pathway assignments with the software.
Therefore, to get a more comprehensive understanding on the major categories of genes
differentially expressed under heat, we went through literature for all of the differentially
expressed genes and grouped them based on their involvement of plant physiological processes.
Here we chose a few representative groups to illustrate the mechanisms that soybean plants use to
respond to heat condition.
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3.5.4

Flowering

The flowering processes can be either induced or repressed in plants grown under heat
condition. In Arabidopsis (Arabidopsis thaliana), elevated temperature stimulates flowering (Lee
et al. 2013), while in chrysanthemum, higher temperature delays flowering (Nakano et al., 2013).
In some cereal plants, elevated temperature delay flower development under short days but
promote flowering under long days (Kazan et al., 2015).
In this study, we found that the expression levels of ELF3, GI, FKF1, PRR5, and TOC1 were
increased; while the expressions of LHY and FT were decreased (Table 3.5; Figure 3.7). In
addition, the expression of CO differed among different members in this gene family. One
common characteristic about all of these genes is that they are controlled by circadian rhythms.
Previous studies have shown that ELF3, GI, FKF1, PRR5, TOC1, CO, and FT are positive
regulators for flowering, while LHY is a negative regulator for flowering (Fujiwara et al., 2008;
Kazan et al., 2015; Riboni et al., 2014; Shim et al., 2016; Song et al., 2014; Yang et al., 2013). For
example, overexpression of CO or FT driven by either a constitutive promoter (35S) or a phloem
specific promoter (SUC2) in plants had led to early flowering (Klocko et al., 2015; Tränkner et al.,
2010; Yoo et al., 2005). In contrary, T-DNA lines with abolished FT transcript or transgenic plants
using cell ablation method to reduce both CO and FT had delayed flowering (Chen et al., 2018).
As another example, early flowering was found in LHY-mutant Arabidopsis plants even under
non-inductive conditions (Park et al., 2016). While the expression tendency for the majority of
these genes indicated the soybean tended to accelerate flowering process under heat condition, it
is puzzling to see the lowered expression levels of FT and a member of the CO transcripts as the
reduced expression of these genes should delay flowering. An observation of this kind indicated
the limitation of using sole transcriptomic analysis to interpret the physiological alterations in
soybean in response to heat since post-transcriptional and translational regulations may also be
involved in response to heat. However, these findings did demonstrate that the adjustment of
flowering time in soybean is one of the mechanisms to cope with heat stress. A combination of
transcriptomic and proteomic analysis in the future will provide more unambiguous understanding
of the involvement of flowering time regulation in soybean under heat stress.
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3.5.5

Oxidative stress

Reactive oxygen species (ROS) are tended to be generated in response to stress conditions such
as drought and heat (You et al., 2015). An inhibition of the synthesis or a timely removal of the
over-produced compounds from plant cells are needed to prevent delirious reactions with certain
cellular components and harmful effect to essential cell structures such as plasma membranes. In
this study, we found the activities of the two measured antioxidant enzymes, i.e., SOD and CAT,
did not change in response to heat. This is different from the responses under drought condition
where the activities of SOD and CAT were increased. The un-changed activities for these enzymes
indicated either the oxidative stress was not significantly developed or alternative mechanisms
existed for the removal of ROS in heat stressed soybean plants. In this study, we have found a total
of 64 genes with functions associated with oxidative stress (Table 3.6). Due to the limited space,
we will use only two of them as examples to illustrate the importance of this physiological response
in soybean to heat condition.
The expression levels of a total of 64 of the Pentatricopeptide repeat-containing protein (PPR)
gene family were found to be increased. Members of the PPR gene family is characterized by the
harboring of 9 to 15 arrays of 35 amino acid long pentatricopeptide repeats (Small et al., 2000). In
addition to its regulation on RNA metabolism, such as RNA splicing, editing, and translation,
recent research evidence showed that genes in this family are also involved in electron transport,
reactive oxygen species generation and abiotic stress resistance. For example, in Arabidopsis, a
PPR mutant plant, in which the expression of this gene was reduced, is more sensitive to oxidative
stress (Zsigmond et al., 2008). The mutant plants displayed faster bleaching and chlorophyll
degradation when planted on media containing hydrogen peroxide. Different from the protective
roles of antioxidant enzymes in which the roles of these proteins were to remove overaccumulated
ROS under stress, the main function of PPR was to inhibit the synthesis of ROS (Zsigmond et al.,
2008).
Different from the functions of PPR, a number of genes involved in ROS scavenging were also
found to be differentially expressed. For example, the expression level of a RING finger and CHY
zinc finger domain-containing protein 1-like gene was increased in the heat stressed soybean (Hsu
et al., 2014; Zang et al., 2016). In Arabidopsis, this gene was shown to exert a protective role under
stress condition via the regulation of sodium and potassium homeostasis, osmotic potential and
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ROS scavenging (Zang et al., 2016). In transgenic Arabidopsis with higher expression of the RING
finger gene, lower level of ROS was observed; while in transgenic Arabidopsis with lower
expression of the RING finger gene, an opposite phenotype was observed. The altered expression
levels of genes involved in ROS metabolism indicated that under heat condition (Table 3.7),
soybean plants were actively adjusting their physiology to cope with the oxidative stresses induced
in this process.
3.5.6

Compatible compounds synthesis and osmotic regulation

Accumulation of low molecular weight compounds such as proline, sugars, and polyols are
often observed when plants are under stress conditions (Harsh et al., 2016). It is known that these
compounds help stabilize the structure of proteins and cell membranes, buffering cellular redox,
and reduce osmotic potential (Giri et al., 2011; Heuer et al., 2003; Jennings et al., 1990; Slama et
al., 2015). In this study, the expressions of a number of genes involved in the synthesis of these
protective compounds have been found to be changed (Table.3.7). For example, the RING finger
protein, besides the role as a ROS scavenger, was found to be also involved in the synthesis of
proline, soluble carbohydrate, and osmotic regulation (Song et al., 2016; Wu et al., 2014; Yu et al.,
2011). In the transgenic Arabidopsis plants with higher expression of the RING finger gene, the
proline and sugar contents were increased and this is correlated to the improved resistance to stress
tolerance (Zang et al., 2016). Ornithine is a non-protein amino acid and a precursor for proline
synthesis. N-acetyl-L-glutamate kinase is one of the known genes on the acetyl-glutamate pathway
that is involved in the synthesis of ornithine (Verslues et al., 2010). The overexpression of the Nacetyl-L-glutamate kinase in soybean indicated that the synthesis of proline via the acetylglutamate pathway may be one of the mechanisms used by soybean to deal with heat (Kalamaki
et al., 2009; Verslues et al., 2010). Most previous genetic engineering work was focused on the
manipulation of P5CS, the key enzyme for proline synthesis. However, in this study, the
expression of this gene was not changed. It remains interesting to study whether the proline content
can be increased in soybean plants via the overexpression of N-acetyl-L-glutamate kinase.
3.5.7

Protein and mRNA denaturing and refolding

Adverse environment such as drought or heat disturbs the structure and stability of the proteins
and mRNAs in plants cells. Plants have evolved mechanisms to either refold these cellular
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components if the “problems” were fixable or remove them if the damages were too severe. Heat
shock proteins are a group of chaperone proteins that are involved in protein re-folding (Whitley
et al., 1999). In total, eight of heat shock proteins have been found to be differentially expressed
in the heat stressed soybean (Table 3.8). It is fascinating to see the expression level of a 22.7 kDa
class IV heat shock protein was increased by almost ten folds, indicating refolding or repairing the
damaged proteins is an active process in soybean in response to heat. In addition to the “rescuing”
functions derived from the heat shock proteins, a different group of proteins that participate in the
degradation of damaged proteins were discovered to be differentially expressed in soybean grown
under heat condition. In this study, four members of the E3 ubiquitin protein like genes were found
to change their expressions, either up or down, in response to heat (Table 3.9). In Arabidopsis, the
expression of AtCHIP, a type of E3 ubiquitin proteins, was increased in response to high
temperature. However, overexpression of this gene in Arabidopsis rendered the transgenic plants
to be more sensitive to temperature stress. One possibility was because high levels of AtCHIP
proteins led to the turnover of some misfolded proteins before they have a chance to be folded
back to functional structures (Yan et al., 2003). The up- and down-regulation of different member
of the same type of genes indicated a fine tune system exists in soybean in terms of the rate of
protein turnover. It remains an interesting question to study whether the degree of damage for a
protein is correlated to the expression change of their corresponding ubiquitin proteins.
In addition to its negative effect on protein structure and stability, it is known that heat stress
also influences some post-transcriptional regulation on mRNA which includes degradation,
transport, mRNA stability, pre-mRNA processing, and localization (Yan et al., 2003). In this study,
we found three genes with functions in mRNA refolding or denaturing changed their expression
levels in the heat stressed soybean plants (Table 3.7). For example, the expression of a DEAD-box
ATP-dependent RNA helicase 53-like gene was found to be increased. The protein encoded by this
gene was shown to be a mRNA chaperone that uses ATP to disrupt misfolded RNA structures and
promote correct folding (Tanner et al., 2001). The altered expression of a number genes in this
category indicated that mRNA repairing or degradation is one of the mechanisms that soybean
plants use to cope with the heat.
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3.6

Conclusions

RNA-Seq is an efficient method to study the molecular responses in soybean plants grown
at heat stress condition. A total of 633 genes were found to be differentially expressed. Compared
to drought stress, most of the identified genes cannot be categorized with the KEGG software. The
differential involvement of antioxidant enzymes between drought and heat indicated the two
stresses posed different physiological effect to the plants. Future work using genetic engineering
will shed more light on what roles these identified genes play in soybean to heat. Since this project
only studied soybean plants experiencing short term heat treatment, it remains an interesting
question to explore whether longer period of heat treatment will lead to stronger responses and
more molecular pathways will be identified. In addition, proteomics and metobolomics should also
be used to get a systemic understanding on the physiological alterations in soybean plants
experiencing heat stress because it is known that plants adjust their responses at transcriptional,
translational and post-translational levels. A more complete picture on the ways plants respond to
heat will provide more accurate tools for crop improvement. Another improvement will be to
compare soybean varieties with different heat stress resistance abilities. A comparison between
them will be able to lead to the identification of strategies used by soybean to cope with heat stress.
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Table 3.1. Classification of total transcript produced in soybean leaves under control (CK) and
heat (H) stress.
ID

Total Reads

Mapped Reads

Ratio(Mapped/Total)

%>Q30

CK 1

45,678,752

22,570,070

49.41%

85.96%

CK 2

51,356,306

25,504,947

49.66%

91.26%

CK 3

55,325,370

27,435,610

49.59%

92.06%

H1

73,026,300

36,309,758

49.72%

92.11%

H2

61,675,666

30,666,790

49.72%

91.77%

H3

47,669,166

23,678,325

49.67%

92.03%
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Table 3.2. Number of up-regulated and down-regulated DEGs in response to
heat stress.
DEG set

All DEG

Up-regulated

Down-regulated

CK vs H

633

417

216

Differentially expressed genes (DEGs) were identified using Cuffdiff following
normalization of transcript count information to RPKM (reads per kilobase of
exon model per million mapped reads) and genes with a P value <0.05 were
considered to be differentially expressed. The fold change of differentially
expressed genes (DEGs) was set as 2.0.
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Table 3.3. Number of heat stressed responsive DEGs annotated by COG, GO and KEGG.
DEG set

Total

COG

GO

KEGG

CK vs H

623

247

442

143
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Table 3.4. KEGG-enriched pathways under heat condition.
Pathway

Pathway
ID

DEGs

Percentage of
DEGs in this
pathway

10
2
3

Gene
mapped to
KEGG
database
111
23
36

Circadian rhythm - plant
Isoflavonoid biosynthesis
Arachidonic acid metabolism
Sesquiterpenoid and triterpenoid
biosynthesis
Flavone and flavonol biosynthesis
Ribosome biogenesis in eukaryotes
Taurine and hypotaurine metabolism
Thiamine metabolism
C5-Branched dibasic acid metabolism
Nicotinate and nicotinamide
metabolism
Sulfur metabolism
Inositol phosphate metabolism
Ubiquinone and other terpenoidquinone biosynthesis
Glycolysis / Gluconeogenesis
Tyrosine metabolism
Degradation of aromatic compounds
Steroid biosynthesis
Glutathione metabolism
Galactose metabolism
Glycosaminoglycan degradation
Carotenoid biosynthesis
Carbon fixation in photosynthetic
organisms
Folate biosynthesis
2-Oxocarboxylic acid metabolism
Isoquinoline alkaloid biosynthesis
Phosphatidylinositol signaling system
Biosynthesis of amino acids
N-Glycan biosynthesis
Zeatin biosynthesis
Photosynthesis
Carbon metabolism
Cysteine and methionine metabolism
Valine, leucine and isoleucine
biosynthesis
Cutin, suberine and wax biosynthesis
Diterpenoid biosynthesis
Pyruvate metabolism

ko04712
ko00943
ko00590
ko00909
ko00944
ko03008
ko00430
ko00730
ko00660

2
1
13
2
2
1

28
15
199
34
35
20

7.14
6.67
6.53
5.88
5.71
5.00

ko00760
ko00920
ko00562

2
3
5

45
70
125

4.44
4.29
4.00

ko00130
ko00010
ko00350
ko01220
ko00100
ko00480
ko00052
ko00531
ko00906

3
10
3
1
3
6
4
1
2

85
288
90
31
97
199
138
35
71

3.53
3.47
3.33
3.23
3.09
3.02
2.90
2.86
2.82

ko00710
ko00790
ko01210
ko00950
ko04070
ko01230
ko00510
ko00908
ko00195
ko01200
ko00270

4
1
3
1
3
12
2
1
3
11
4

156
40
121
42
130
529
89
45
140
526
199

2.56
2.50
2.48
2.38
2.31
2.27
2.25
2.22
2.14
2.09
2.01

ko00290
ko00073
ko00904
ko00620

1
1
1
4

50
51
52
212

2.00
1.96
1.92
1.89

9.01
8.70
8.33
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Table 3.4 continued
Protein processing in endoplasmic
reticulum
Purine metabolism
RNA degradation
Linoleic acid metabolism
Tropane, piperidine and pyridine
alkaloid biosynthesis
Cyanoamino acid metabolism
Alanine, aspartate and glutamate
metabolism
alpha-Linolenic acid metabolism
Phagosome
Fructose and mannose metabolism
Ubiquitin mediated proteolysis
Biosynthesis of unsaturated fatty acids
Plant-pathogen interaction
Phenylalanine metabolism
Glycine, serine and threonine
metabolism
Regulation of autophagy
Endocytosis
RNA transport
Ascorbate and aldarate metabolism
Porphyrin and chlorophyll metabolism
Amino sugar and nucleotide sugar
metabolism
SNARE interactions in vesicular
transport
Basal transcription factors
beta-Alanine metabolism
Terpenoid backbone biosynthesis
Citrate cycle (TCA cycle)
Plant hormone signal transduction
Fatty acid degradation
Pentose phosphate pathway
Spliceosome
Starch and sucrose metabolism
mRNA surveillance pathway
Glyoxylate and dicarboxylate
metabolism
Pyrimidine metabolism
Oxidative phosphorylation
Homologous recombination
Fatty acid metabolism
Ribosome

ko04141
ko00230
ko03018
ko00591

8
6
4
1

456
347
232
59

1.75
1.73
1.72
1.69

ko00960
ko00460

1
2

59
118

1.69
1.69

ko00250
ko00592
ko04145
ko00051
ko04120
ko01040
ko04626
ko00360

2
2
3
2
4
1
6
4

121
121
185
126
256
65
414
276

1.65
1.65
1.62
1.59
1.56
1.54
1.45
1.45

ko00260
ko04140
ko04144
ko03013
ko00053
ko00860

2
1
4
4
1
1

141
75
311
326
87
89

1.42
1.33
1.29
1.23
1.15
1.12

ko00520

3

276

1.09

ko04130
ko03022
ko00410
ko00900
ko00020
ko04075
ko00071
ko00030
ko03040
ko00500
ko03015

1
1
1
1
1
7
1
1
3
4
2

97
103
104
108
109
769
113
118
356
475
245

1.03
0.97
0.96
0.93
0.92
0.91
0.88
0.85
0.84
0.84
0.82

ko00630
ko00240
ko00190
ko03440
ko01212
ko03010

1
2
2
1
1
4

124
270
275
140
159
652

0.81
0.74
0.73
0.71
0.63
0.61
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Table 3.4 continued
Peroxisome
Arginine and proline metabolism
Glycerophospholipid metabolism
Phenylpropanoid biosynthesis

ko04146
ko00330
ko00564
ko00940

1
1
1
2

176
191
197
406

0.57
0.52
0.51
0.49
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Table 3.5. DEGs related to flowering regulation under heat stress
ID
LHY
Glyma.07G048500.Wm82.a2.v
1
Glyma.19G260900.Wm82.a2.v
1
Glyma.16G017400.Wm82.a2.v
1
FKF
Glyma.08G046500.Wm82.a2.v
1
ELF3
Glyma.08G197500.Wm82.a2.v
1
FT
Glyma.16G044100.Wm82.a2.v
1
GI
Glyma.16G163200.Wm82.a2.v
1
PRR5
Glyma.04G166300.Wm82.a2.v
1
Glyma.04G228300.Wm82.a2.v
1

Regulated

Fold
Change

Description

down

0.373

LHY1/CCA1-like protein

down

0.266

LHY1/CCA1-like protein

down

0.308

Late elongated hypocotyl and
circadian clock associated-1like protein 1 (LHY)

up

2.645

Adagio protein 3-like (FKF)

up

2.204

protein EARLY FLOWERING
3-like

down

0.422

FLOWERING LOCUS T-like
protein

up

3.405

protein GIGANTEA-like

up

2.347

up

2.578

two-component response
regulator-like APRR1
two-component response
regulator-like APRR9
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Table 3.6. DEGs related to ROS under heat stress
ID/Family

Fold
Chang
e
Pentatricopeptide repeat-containing protein
Glyma.09G274800.Wm82.a2.v1
2.219

Regulated

up

Glyma.02G011200.Wm82.a2.v1

3.673

up

Glyma.07G109000.Wm82.a2.v1

2.376

up

Glyma.07G109100.Wm82.a2.v1

5.716

up

Glyma.02G017700.Wm82.a2.v1

3.202

up

Glyma.09G086600.Wm82.a2.v1

3.130

up

Glyma.18G094700.Wm82.a2.v1

2.683

up

Glyma.17G117000.Wm82.a2.v1

2.642

up

Glyma.05G008800.Wm82.a2.v1

2.657

up

Glyma.16G001000.Wm82.a2.v1

2.013

up

Glyma.07G033300.Wm82.a2.v1

2.243

up

Glyma.06G206900.Wm82.a2.v1

2.461

up

Description

Pentatricopeptide repeat-containing
protein [Medicago truncatula]
PREDICTED: LOW QUALITY
PROTEIN: pentatricopeptide
repeat-containing protein
At1g02370, mitochondrial-like
[Glycine max]
PREDICTED: LOW QUALITY
PROTEIN: pentatricopeptide
repeat-containing protein
At2g17670-like [Glycine max]
PREDICTED: LOW QUALITY
PROTEIN: pentatricopeptide
repeat-containing protein
At2g17670-like [Glycine max]
PREDICTED: LOW QUALITY
PROTEIN: pentatricopeptide
repeat-containing protein
At3g62890-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At1g03540-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At1g08070-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At1g08070-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At1g08070-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At1g10270-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At1g15510, chloroplastic-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At1g18485-like [Glycine max]

83

Table 3.6 continued
Glyma.01G155000.Wm82.a2.v1

2.726

up

Glyma.09G227000.Wm82.a2.v1

4.440

up

Glyma.11G104400.Wm82.a2.v1

2.679

up

Glyma.07G187800.Wm82.a2.v1

2.097

up

Glyma.15G106500.Wm82.a2.v1

2.139

up

Glyma.02G276200.Wm82.a2.v1

2.610

up

Glyma.14G039600.Wm82.a2.v1

3.143

up

Glyma.03G108300.Wm82.a2.v1

2.640

up

Glyma.10G000600.Wm82.a2.v1

2.179

up

Glyma.07G217000.Wm82.a2.v1

2.160

up

Glyma.07G226200.Wm82.a2.v1

3.180

up

Glyma.04G039000.Wm82.a2.v1

5.447

up

PREDICTED: pentatricopeptide
repeat-containing protein
At1g31790-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At1g34160-like [Cicer arietinum]
PREDICTED: pentatricopeptide
repeat-containing protein
At1g50270-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At1g55890, mitochondrial-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At1g61870, mitochondrial-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At1g71210-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At1g71210-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At1g71460, chloroplastic-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At1g80270, mitochondrial-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At2g01860-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At2g03380, mitochondrial-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At2g04860-like [Glycine max]
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Glyma.05G142300.Wm82.a2.v1

2.053

up

PREDICTED: pentatricopeptide
repeat-containing protein
At2g37230-like [Glycine max]

Table 3.6 continued
Glyma.08G086500.Wm82.a2.v1

2.311

up

Glyma.14G028500.Wm82.a2.v1

2.585

up

Glyma.04G007000.Wm82.a2.v1

3.119

up

Glyma.11G007400.Wm82.a2.v1

2.052

up

Glyma.10G193100.Wm82.a2.v1

2.223

up

Glyma.02G043900.Wm82.a2.v1

2.623

up

Glyma.06G154600.Wm82.a2.v1

2.798

up

Glyma.18G263500.Wm82.a2.v1

2.088

up

Glyma.06G128900.Wm82.a2.v1

2.468

up

Glyma.10G043900.Wm82.a2.v1

2.133

up

Glyma.13G131600.Wm82.a2.v1

2.135

up

Glyma.16G031800.Wm82.a2.v1

2.272

up

PREDICTED: pentatricopeptide
repeat-containing protein
At2g41080-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At2g42920, chloroplastic-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At3g12770-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At3g22670, mitochondrial-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At3g23020-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At3g24000, mitochondrial-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At3g29230-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At3g29230-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At3g49240-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At3g53700, chloroplastic-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At3g53700, chloroplastic-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
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Glyma.10G018100.Wm82.a2.v1

2.950

up

At3g61520, mitochondrial-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At3g62890-like [Glycine max]

Table 3.6 continued
Glyma.05G244300.Wm82.a2.v1

2.113

up

Glyma.08G133500.Wm82.a2.v1

2.218

up

Glyma.10G247700.Wm82.a2.v1

2.976

up

Glyma.15G118300.Wm82.a2.v1

2.036

up

Glyma.15G118100.Wm82.a2.v1

2.294

up

Glyma.09G013300.Wm82.a2.v1

2.080

up

Glyma.01G228000.Wm82.a2.v1

2.871

up

Glyma.06G246500.Wm82.a2.v1

2.443

up

Glyma.08G199100.Wm82.a2.v1

2.093

up

Glyma.17G072100.Wm82.a2.v1

2.430

up

Glyma.05G137900.Wm82.a2.v1

2.881

up

PREDICTED: pentatricopeptide
repeat-containing protein
At4g02750-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At4g02750-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At4g14850-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At4g16390, chloroplastic-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At4g16390, chloroplastic-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At4g16390, chloroplastic-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At4g20770-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At4g21705, mitochondrial-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At4g26680, mitochondrial-like
isoform 1 [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At4g30700-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At4g33170-like [Glycine max]
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Glyma.08G092900.Wm82.a2.v1

2.611

up

Glyma.13G332400.Wm82.a2.v1

2.383

up

PREDICTED: pentatricopeptide
repeat-containing protein
At4g33170-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At4g37170-like [Glycine max]

Table 3.6 continued
Glyma.17G165800.Wm82.a2.v1

2.209

up

Glyma.03G189000.Wm82.a2.v1

2.071

up

Glyma.09G236700.Wm82.a2.v1

2.123

up

Glyma.11G256300.Wm82.a2.v1

2.358

up

Glyma.20G132900.Wm82.a2.v1

2.517

up

Glyma.19G209300.Wm82.a2.v1

3.351

up

Glyma.03G212200.Wm82.a2.v1

3.141

up

Glyma.11G162700.Wm82.a2.v1

2.305

up

Glyma.11G063000.Wm82.a2.v1

3.381

up

Glyma.13G273600.Wm82.a2.v1

2.373

up

Glyma.20G220700.Wm82.a2.v1

3.843

up

PREDICTED: pentatricopeptide
repeat-containing protein
At4g37380, chloroplastic-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At5g03800-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At5g39680-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At5g39980, chloroplastic-like
[Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At5g43790-like [Glycine max]
PREDICTED: pentatricopeptide
repeat-containing protein
At5g56310-like [Cicer arietinum]
PREDICTED: pentatricopeptide
repeat-containing protein
At5g56310-like [Cicer arietinum]
PREDICTED: pentatricopeptide
repeat-containing protein
At5g66520-like [Cicer arietinum]
PREDICTED: pentatricopeptide
repeat-containing protein
At5g66631-like [Glycine max]
PREDICTED: putative
pentatricopeptide repeat-containing
protein At3g15200-like [Glycine
max]
PREDICTED: putative
pentatricopeptide repeat-containing
protein At5g37570-like [Glycine
max]
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Glyma.12G118200.Wm82.a2.v1

2.626

up

PREDICTED: putative
pentatricopeptide repeat-containing
protein At5g59200, chloroplasticlike [Glycine max]
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Table 3.7. DEGs related to compatible compound synthesis under heat stress
MLO-like protein 1-like
Glyma.06G002000.Wm82.a2.v1

2.074

up

BTB/POZ and TAZ domain-containing protein 2-like
Glyma.05G043900.Wm82.a2.v1
2.106
up
DEAD-box ATP-dependent RNA helicase 53-like
Glyma.15G261600.Wm82.a2.v1
2.156

up

Glyma.18G116700.Wm82.a2.v1

2.391

up

Glyma.08G303000.Wm82.a2.v1

3.988

up

RING finger and CHY zinc finger
domain-containing protein 1
Glyma.06G074300.Wm82.a2.v1

2.702

up

Glyma.11G192900.Wm82.a2.v1

2.226

up

PREDICTED: MLO-like protein
1-like [Glycine max]

PREDICTED: BTB/POZ and
TAZ domain-containing protein
2-like [Glycine max]
PREDICTED: DEAD-box ATPdependent RNA helicase 36-like
[Glycine max]
PREDICTED: DEAD-box ATPdependent RNA helicase 53-like
[Glycine max]
PREDICTED: DEAD-box ATPdependent RNA helicase 53-like
[Glycine max]
PREDICTED: RING finger and
CHY zinc finger domaincontaining protein 1-like
[Glycine max]
PREDICTED: RING finger and
CHY zinc finger domaincontaining protein 1-like
[Glycine max]
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Table 3.8. Genes related to HSP under heat stress.
HSP

Regulated

Glyma.13G224000.Wm82.a2.v1

Fold
Change
0.415

Glyma.02G305600.Wm82.a2.v1

2.094

up

Glyma.13G224000.Wm82.a2.v1

0.415

down

Glyma.02G305600.Wm82.a2.v1

2.094

up

Glyma.02G288700.Wm82.a2.v1

4.712

up

Glyma.13G071400.Wm82.a2.v1

9.295

up

Glyma.04G229800.Wm82.a2.v1

3.016

up

Glyma.14G026100.Wm82.a2.v1

5.654

up

down

Description
Heat-shock protein [Medicago
truncatula]
PREDICTED: heat shock protein
90-like [Glycine max]
Heat-shock protein [Medicago
truncatula]
PREDICTED: heat shock protein
90-like [Glycine max]
PREDICTED: uncharacterized
protein LOC100785395 [Glycine
max]
PREDICTED: 22.7 kDa class IV
heat shock protein-like [Glycine
max]
PREDICTED: small heat shock
protein, chloroplastic [Glycine
max]
PREDICTED: uncharacterized
protein LOC100788166 [Glycine
max]
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Table 3.9. Genes related to E3-Uniquitin family under heat stress
E3-Ubiquitin
Fold
Regulated
Description
Change
Glyma.09G140700.Wm82.a2.v1
2.582
up
PREDICTED: E3 ubiquitinprotein ligase ATL6-like
[Glycine max]
Glyma.14G066000.Wm82.a2.v1
0.116
down
PREDICTED: probable E3
ubiquitin-protein ligase HERC1like [Glycine max]
Glyma.02G250700.Wm82.a2.v1
0.107
down
PREDICTED: probable E3
ubiquitin-protein ligase HERC1like [Glycine max]
Glyma.14G145900.Wm82.a2.v1
3.065
up
PREDICTED: E3 ubiquitinprotein ligase HERC2-like
[Glycine max]
Glyma.18G034600.Wm82.a2.v1
0.151
down
PREDICTED: probable E3
ubiquitin-protein ligase HERC4like isoform 1 [Glycine max]
Glyma.09G256800.Wm82.a2.v1
2.042
up
PREDICTED: E3 ubiquitinprotein ligase RHA1B-like
[Glycine max]
Glyma.10G268900.Wm82.a2.v1
2.064
up
PREDICTED: E3 ubiquitinprotein ligase RHA2A-like
[Glycine max]
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Figure 3.1. Leaf temperature of soybean plants subjected to control (CK) and heat (H) stress.
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Figure 3.2. Measurement of physiological parameters in plants subject to control (CK) and heat
(H) stress conditions.
A student-T test and a 5% P value were used for significance calculation. a and b above the
columns for CK and D indicated the measurements were statistically different. Bar represents
SE. For each of the measurements, three replicates were used.
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Figure 3.3. Antioxidant enzyme activities in plants subject to control
(CK) and heat (H) stress conditions.
A student-T test and a 5% P value were used for significance
calculation. a and b above the column for CK and D indicated the
measurements were statistically different. Bar represents SE. For
each of the measurements, three replicates were used.
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Figure 3.4. The degree of expression change for heat stress
responsive DEGs shown in a volcano plot.
X-axis represents fold change; Y-axis
significance. Each dot represents a DEG.

represents
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Figure 3.5. Ontology classification of DEGs in the Heat-stressed soybean.
The x-axis represents the functional categories; Y-axis (left) represents percentage of
genes falling into this category; Y-axis (right) represents the absolute number of genes
in the corresponding categories.
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Figure 3.6. COG functional distribution of the DEGs in response to heat stress.
X-axis represents the gene functional categories; Y-axis represents the absolute number of
genes in the corresponding category.
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Figure 3.7. KEGG analysis of DEGs in response to Heat stress.
The vertical axis lists the names of the all DEGs in metabolic pathways in the KEGG
database, and the horizontal axis shows the proportion of annotated genes in each
pathway divided by the total number of annotated genes.
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Figure 3.8. The pathway map of “Circadian Rhythm” under heat stress
condition.
The downregulated genes involved in “Circadian Rhythm” are marked
with green, the upregulation genes are marked as red. Reproduced with
permission from Kanehisa Laboratories.
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